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ABSTRACT 
 
Dps (DNA protection during starvation) proteins play an important role in the 
protection of prokaryotic macromolecules from damage by reactive oxygen species.  
The Dps homolog, Dps-1, from the radiation-resistant bacterium Deinococcus 
radiodurans has an extended N-terminal tail. In the crystal structure of Dps-1, the first 
~30 N-terminal residues are invisible and the remaining 25 residues form a loop that 
harbors a novel metal binding site. The data presented here show that retention of this N-
terminal metal site is necessary for formation of the dodecameric protein assembly. 
Previous studies have suggested that the lysine-rich N-terminus of Dps proteins 
participates in DNA binding. Accordingly, deletion of the N-terminal tail of Dps-1 
obliterates DNA/Dps-1 interaction. Electrophoretic mobility shift assays using DNA 
modified with specific major/minor groove reagents show that Dps-1 interacts through 
the DNA major groove. Dodecameric Dps-1 can bind ≥ 22bp DNA duplexes with very 
high affinity (Kd ~0.4 nM); considering interactions in the DNA major grooves, the 
requirement for two complete helical turns implies optimal interactions involving two 
consecutive major grooves.  
The data further suggests that high-affinity DNA binding depends on occupancy 
of the N-terminal metal site. Stoichiometric titration of dodecameric Dps-1 with 22 bp 
DNA revealed the presence of 6 DNA binding sites in each dodecamer. DNA cyclization 
assays show that dodecameric Dps-1 inhibits DNA bending. Taken together, the mode of 
DNA interaction by Dps-1 is consistent with the previously proposed layered assembly of 
protein and DNA that leads to DNA compaction.   
 ix
Using Dps-1-promoter-lacZ fusion constructs, it is shown that Dps-1 expression 
in D. radiodurans is relatively constant throughout both exponential and stationary phase 
growth. As E. coli cells expressing Dps-1 feature significant nucleoid condensation, as 
shown by transmission electron microscopy and nucleoid staining, a role for Dps-1 in 
chromosomal DNA packaging is suggested.  
The presence of a novel iron exit channel is most likely responsible for the 
inability of Dps-1 to protect DNA from hydroxyl radical-mediated DNA degradation. 
The release of iron from the core upon DNA binding suggests that Dps-1 may be 
involved in the process of DNA degradation that contributes the first response to DNA 
damage.     
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CHAPTER 1 
INTRODUCTION 
Prokaryotic microorganisms are faced with a variety of stress conditions such as 
nutrient limitation, low pH, high osmolarity, oxidative stress etc. during their life cycle. 
Therefore, they have developed a large number of regulatory mechanisms that enable 
them to survive these environmental stress conditions. These include highly regulated 
enzymatic systems that recognize and repair damaged macromolecules or that prevent 
damage by detoxifying the damaging agent in the first place. These inducible responses 
are associated with de novo protein synthesis which is an energy requiring process. 
Therefore, when bacteria are starved their ability to cope with environmental assaults 
becomes compromised. Maintenance of chromosomal integrity is of fundamental 
importance for survival. A class of non-specific DNA-binding proteins, DNA protection 
during starvation (Dps), is expressed in bacteria and accumulated at high levels under  
conditions of oxidative or nutritional stress and plays a central role in protecting DNA 
from oxidative stress.  
Oxidative Stress 
Oxygen toxicity is a universal phenomenon experienced by both aerobic and 
anaerobic organisms (1,2). The fact that microorganisms have limited tolerance for 
oxygen is most evident in the case of anaerobes but is applicable to aerobes as well. 
Exposure of aerobes to hyperoxia decreases their growth or can even be fatal. Although 
the importance of oxidative stress in life is well established, the processes by which 
reactive oxygen species (ROS) are generated inside the cell and by which they damage 
specific target molecules continue to be recognized. 
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Inside the cell, redox enzymes can transfer electrons to specific acceptors. 
Oxygen molecules are small enough to reach the active sites of the redox enzymes and 
this may cause a serious problem for aerobic organisms. Transfer of electrons to oxygen 
can produce superoxide (O.-2) and hydrogen peroxide (H2O2) which are partially reduced 
species that can oxidize biomolecules with which oxygen itself reacts poorly. One 
pathway recognized as a major source of the ROS superoxide and hydrogen peroxide is 
the partial reduction of molecular oxygen by the autooxidation of flavoenzymes present 
in the respiratory chain (1,3). Because of its strong anionic charge, O.-2 is incapable of 
reacting with electron-rich molecules like nucleic acids and amino acids effectively, but 
metal clusters within proteins are highly vulnerable to superoxide. For example, 
superoxide oxidizes the metal clusters present at the catalytic center of 4Fe-4S-containing 
enzymes (4-6). The oxidized clusters are unstable and degrade, leading to the inactivation 
of the enzyme due to the loss of the catalytic iron. The released iron is now available to 
react with the hydrogen peroxide, produced in the cell, to generate hydroxyl radical 
(•OH) through the Fenton reaction.  
The hydroxyl radical is the most toxic ROS and the only ROS that can directly 
damage most biomolecules. It can indiscriminately oxidize most organic molecules at 
diffusion limited rates. Though the Fenton chemistry can be damaging to proteins and 
membrane lipids, its most significant impact is likely to be seen upon DNA, as even a 
single DNA lesion can be potentially mutagenic or lethal. The lethal effects caused by 
unrepaired DNA lesions even when they occur at low frequency, highlights the need for 
efficient DNA protection mechanisms, in which detrimental chemicals are neutralized 
and damage is repaired through enzymatically catalyzed biochemical pathways. 
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Microbial Defense Strategies against ROS 
Microorganisms have developed an array of inducible mechanisms to minimize 
and repair the damaging effects of ROS. The identification of the enzyme superoxide 
dismutase (SOD) first suggested the presence of active mechanisms inside the cell to 
minimize the effects of ROS (7). Superoxide dismutase converts the univalent reduction 
product of oxygen, the superoxide ion (O.-2), into molecular oxygen (O2) and hydrogen 
peroxide (H2O2) (Eq. 1). SOD genes are present in the genomes of almost all aerobic 
organisms. Though genes homologous to SOD are present in some anaerobes, many 
anaerobic organisms lack any recognizable SOD gene. This may be a reflection of the 
fact that this enzyme generates oxygen which is toxic for the anaerobes (8). A second 
mechanism to detoxify superoxide was originally identified in the euryarchaeote 
Pyrococcus furiosus (2,8). In this case, the mononuclear iron-containing enzyme, 
superoxide reductase (SOR) reduces superoxide to hydrogen peroxide (H2O2) without 
producing molecular oxygen as a byproduct (Eq. 2).  
Hydrogen peroxide is also a natural product of the cell. It can oxidize 4Fe-4S 
clusters and the sulfur atoms of cysteine and methionine residues with potentially lethal 
consequences (1). Catalase represents one means of destruction of unwanted H2O2 to 
produce water and molecular oxygen (Eq. 3). An alternative strategy is to use various 
nonspecific peroxidases, for example glutathione and thioredoxin dependent peroxidases, 
to reduce hydrogen peroxide to water while avoiding the production of molecular oxygen 
(Eq. 4). Although toxicity of hydrogen peroxide itself is relatively weak, its interaction 
with transition metals like ferrous ion through the Fenton reaction results in the 
production of highly destructive hydroxyl radicals (Eq. 5) (9,10).  
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2O.-2 + 2H+            H2O2 + O2                 (1) 
                                     O.-2 + 2H+ + e-            H2O2                     (2) 
2 H2O2            2 H2O + O2                       (3) 
H2O2 + RH2           2H2O + R                   (4) 
H2O2 + Fe2+          •OH + -OH + Fe3+         (5) 
Hence, an important strategy to prevent the production of highly toxic hydroxyl 
radicals by Fenton chemistry is to minimize the concentration of free ferrous ion in the 
cytosol. This strategy is executed by the members of the ferritin superfamily; ferritin, 
bacterioferritin and Dps (DNA protection during starvation) proteins, which can 
sequester the metal ion, eventually leading to the deposition of an iron core within the 
hollow, spherical protein molecule (11-13). 
The Ferritin Superfamily  
Nearly all forms of life require iron as an important micronutrient for growth and 
development. Despite being one of the most abundant metals on earth, its biological 
accessibility is compromised because of its unfavorable chemical properties that lead to 
the formation of insoluble ferric-hydroxide polymers and deleterious free radical species. 
The protein family of ferritins has evolved as a specialized iron storage container which 
incorporates the metal in a non-toxic, yet bioavailable form.  
All ferritins, from bacteria to mammals and plants, share the same structural and 
functional characteristics. Twenty-four identical or similar subunits of 19-21 kDa 
assemble to a ball-like protein shell with outer and inner diameters of 12 and 8 nm, 
respectively (14). The 432 symmetric ferritin shells have overall molecular masses of 
450-500 kDa (15,16).  Eubacterial 24-mer ferritins are able to incorporate up to 2,500 
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iron atoms, whereas eukaryotic 24-mer apoferritin can store up to 4,500 iron atoms in the 
form of ferric hydroxyl-phosphate micelles (17). Each monomer adopts a four helix 
bundle (helices A-D) conformation with a fifth short helix (helix E) lying at an angle of 
about 60° relative to the axis of the four-helix bundle (Figure 1.1(a)). Mammalian 
ferritins are composed of two types of subunits, H- and L-type chains, whereas bacterial 
ferritins are assembled from only one type of subunits. Bacterial ferritin-like proteins that 
bind to inorganic iron can be classified into two catagories: the heme-b containing 
bacterioferritins (Bfr) and non-heme containing ferritins (Figure 1.1(b)).  
All ferritins are tailored to carry out very efficiently the different steps of iron 
incorporation leading to iron storage. First, the Fe(II) atoms enter the negatively charged 
24-mer cavity through eight hydrophilic channels along the three fold symmetry axes. 
Then the iron atoms are oxidized by molecular oxygen at the highly conserved 
ferroxidase sites located within the four-helix bundle of the so-called H-type subunits. 
Finally, Fe(III) clusters are formed  inside the 24-mer spherical shell at the iron 
nucleation sites located at the four-helix-bundle L-type subunits which leads to 
deposition of Fe(III)  as a oxyhydroxide  mineral core (18-20). After formation of the 
Fe(III)-mineral core, Fe(II) oxidation may also take place on the surface of the growing 
mineral. Surface ferroxidation at the mineral core is a faster process compared to the 
ferroxidation at the ferroxidase center of the protein (21).      
Members of the other subfamily of ferritin, Dps, were initially identified as stress 
response proteins which protect DNA against oxidative stress and were upregulated 
during stationary phase and nutrient deprivation. The secondary and tertiary structures of 
Dps  proteins  are  very  similar to that of ferritin (22). The structural core of Dps is also a  
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Figure 1.1 Structure of Ferritin. (a) Ribbon representation of Human L-chain ferritin 
subunit (Protein Data Bank (PDB) code 2FFX). The color change is from blue (N-
terminal) to red (C-terminal). (b)  Overall structure of Escherichia coli bacterioferritin 
(EcBFR) (PDB code 1BFR). Each monomer is depicted in a different color. Note that the 
12 heam groups of EcBFR are not shown in this diagram.    
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highly conserved four-helix-bundle (A-D) composed of two consecutive helix-turn-helix 
motifs (Figure 1.2(a)). Helices B and C are connected by an extended loop. A short helix 
(BC) is found within this loop, where it helps to define a 2-fold symmetric subunit 
interface (22-24). Due to the absence of the C-terminal fifth helix of 24-mer ferritins, 
members of the Dps subfamily assemble only to dodecameric protein shells characterized 
by 23 point group symmetry and outer and inner diameters of 9 and 4.5 nm respectively 
(Figure 1.2(b)). Consequently, the iron storage capacity of Dps is reduced and the protein 
cavity can harbor a maximum of 500 iron atoms (25-27).  
Although Dps and ferritin both aim to protect the organism from oxidative 
damage by sequestering free ferrous iron, the active site at which the iron is bound and 
oxidized in Dps is very different from that of ferritin. In ferritin, iron is found in a di-iron 
carboxylate binding motif located within the four-helix bundle (Figure 1.3(a)). In 
contrast, the iron binding site of Dps proteins is located at the interface between two 
subunits related by two-fold symmetry, with one reported exception (Figure 1.3(b)) 
(26,28-30). The amino acid residues forming the ferroxidase center are highly conserved 
among Dps the homologs. The iron bound at this ferroxidase site was observed in some 
of the published Dps crystal structures (26,30-36). Mutation of the residues at this inter-
subunit site in Streptococcus suis Dps-like peroxide resistance protein (Dpr) resulted in a 
significant decrease in iron incorporation in vivo (37). However, there are examples of 
Dps family members such as DpsA and DpsB from Lactococcus lactis which lack the 
conventional ferroxidase site and hence are unable to catalyze the iron oxidation reaction 
(38).      
 
 8
 
Figure 1.2 Structure of Dps. (a) Ribbon diagram of Bacillus brevis Dps monomer 
(Protein Data Bank (PDB) code 1N1Q). The color change is from blue (N-terminal) to 
red (C-terminal). (b) Ribbon view of Escherichia coli Dps dodecameric assembly, as seen 
down a 2-fold axis (PDB code 1DPS). Each monomer is depicted in a different color and 
consists of a four-helix bundle. 
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Figure 1.3 The di-nuclear ferroxidase center. The ribbon diagram depicts Human H 
ferritin subunit (Protein Data Bank (PDB) code 2FHA). Seven highly conserved residues 
(Glu27, Tyr34, Glu61, Glu62, His65, Glu107, Gln141) involved in the formation of di-
nuclear sites calalyzing Fe(II) oxidation are indicated as purple sticks. (b) Two 
symmetry-related subunits of Listeria innocua Dps (PDB code 1QGH) showing the 
dimeric interface forming the ferroxidase center. Residues His31, His43, Asp58 and 
Glu62 that constitute the ferroxidase center are indicated as blue sticks. 
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In the case of ferritin and bacterioferritin, ferrous iron and oxygen react at the 
ferroxidase center, eventually leading to the formation of an insoluble ferric oxide core 
within the hollow protein sphere. Dps catalyzes a similar reaction but in contrast to 
ferritin, it generally prefers H2O2 as an oxidant in the controlled oxidation of ferrous iron, 
at least in Dps proteins from organisms that have only one dps gene (29,39). Bacillus 
anthracis contains two different genes encoding for Dps proteins. One of the two Dps 
proteins present in B. anthracis (Ba Dps1 or Dlp-1) has no detectable ferroxidase activity 
with H2O2 but it can ferroxidize Fe2+ in presence of oxygen (40). Through the reaction 
with H2O2, Dps mitigates the toxicity of H2O2 through a 2-electron reduction to form 
water, but at the same time, it inactivates the Fe2+ by oxidation to Fe3+. The ferroxidation 
reaction of B. anthracis Dps2 (Ba Dps2 or Dlp-2) with H2O2 differs from the reaction in 
other Dps proteins. Destruction of H2O2 by Ba Dps2 proceeds via an unknown 
mechanism with formation of an intermediate which is spectrally (A650nm) and kinetically 
similar to the maxi-ferritin diferric peroxo complex (40). Recently, it has been shown that 
bacterioferritin can also utilize H2O2 as an oxidant in the ferroxidation reaction, therefore, 
bacterioferritin will also catalyze the simultaneous consumption of both Fenton reactants 
(Fe(II) and H2O2) (29). Preferential consumption of hydrogen peroxide instead of oxygen 
during biomineralization by Dps proteins implies a mode of protection against reactive 
oxygen species. In vitro, iron can be recovered from ferritin or Dps protein core by 
treatment with reducing agent and chelator or by partial unfolding but the in vivo 
mechanisms of iron release from either ferritin or Dps are unknown (41). 
Several members of the Dps subfamily, such as Escherichia coli Dps and the Dps 
homolog from Bacillus subtillis exhibit a DNA-binding activity which was considered to 
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be absent in ferritin or bacterioferritin. However, there is an increasing acceptance of the 
concept that ferritin is present in the nuclei of some cells. In vivo it has been shown that 
H-ferritin subunits can be cross-linked to chromosomal DNA, whereas in vitro results 
indicate that the H-subunit of human ferritin can bind DNA without significant 
preference for base composition, sequence or nature of the DNA ends (42,43). An intact 
ferroxidase center may be necessary for the DNA-binding activity of ferritin, because 
neither the ferroxidase-defective mutant of H-ferritin, nor the L-subunit has detectable 
binding activity (42).    
The DNA-binding activity of Dps proteins was shown to suffice for the protection 
against oxidative DNA damage. As the surface of the Dps protein does not display 
“classical” DNA-binding motifs and is dominated by negative charges, it has been 
proposed that the DNA binding of Dps proteins is mediated by the N-terminal or C-
terminal tails extending away from the compact four-helix bundle core into the solvent, 
thereby interacting with the DNA strands. Accordingly, Dps homologs whose N-terminal 
extension is missing, as seen for Hp-NAP from Helicobactor pylori or Dps homologs 
whose N-terminal tail is truncated or immobilized on the surface of the protein, for 
example Listeria innocua Dps and Dps from Agarobacterium tumefaciens, fail to bind 
DNA (25,27,31). Calculation of the electrostatic potential of E. coli Dps suggested that 
the dodecamer is the DNA-binding species and that the lysine-containing N-terminal 
extension is required for DNA binding (22). In case of Mycobacterium smegmatis Dps, 
DNA binding is proposed to be related to the presence of positively charged amino acids 
(lysines and arginines) located on the C-terminal which may be able to participate in 
stabilization of the complex with DNA (36). The recently solved crystal structures of 
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both DpsA and DpsB from L. lactis show an N-terminal α-helix extending 
perpendicularly away from the core of the Dps subunit, exposed on the exterior surface of 
the dodecameric protein and being available to interact with DNA (38). It has been 
shown for L. lactis DpsA that this N-terminal helix is required for DNA binding, 
although the positively charged lysine residues within this helical region are not essential 
for mediating DNA interaction (38).     
Conventionally, ferritin is considered as a cytoplasmic iron-storage protein. The 
major role of ferritin in vertebrates is to serve as intracellular iron reserve whereas in 
prokaryotes it may also work as an iron detoxifier by its efficient iron management 
functions. Ferritin has also been found in the nuclei of some cells but its function(s) in 
this environment remain to be discovered. Several possible functions including DNA 
protection, delivery of iron to nuclear enzymes and regulation of transcription initiation 
have been proposed (43-45).  
Functionally, compared to ferritin and bacterioferritin, the Dps subfamily is much 
more diverse, with many members promoting iron sequestration and others acting as 
immunogens, neutrophile activating factors, cold-shock proteins, or constituents of fine-
tangled pili (27,39,46). 
Energy Conservation and DNA Protection in Starved Bacteria   
Bacterial chromosomal DNA is not restricted to a membrane-enclosed nucleus as 
in case of eukaryotes but is folded into a microscopically visible structure called the 
nucleoid (47,48). The genomic DNA of E. coli is associated with a core set of 10-20 
DNA-binding proteins, altogether constituting the architecture of the nucleoid (49,50). 
These nucleoid associated proteins not only function as structural proteins setting the 
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overall conformation of the genomic DNA, by bending, coiling, wrapping or packaging 
of the DNA but also influence the functions of the DNA such as replication, 
recombination, repair and transcription (49,51,52). As the overall activities of the genome 
vary depending upon growth conditions or growth phases the composition of the nucleoid 
associated proteins also changes depending on such conditions (53,54). 
In their natural habitat bacteria are often exposed to limiting amounts of nutrients 
that can transform actively growing cells into stationary state. In starved, stationary phase 
bacteria, enzymes are rapidly degraded and de novo protein synthesis and other energy-
generating processes become progressively ineffective (55). Owing to this, DNA lesions 
in starved bacteria can not be repaired by homologous recombination or base excision 
repair pathways which strictly depend upon rapid synthesis of numerous enzymes and 
hence require continuous energy consumption. Therefore, DNA repair through inducible 
pathways that are very effective in actively growing bacteria can not play a major role in 
energy depleted cells. These basic kinetic and thermodynamic considerations suggest that 
DNA preservation in starved cells involve strategies that are fundamentally very different 
from those deployed in actively growing bacteria.  
In actively growing bacteria DNA is dispersed inside the cell and is inherently 
vulnerable to damaging agents. Upon onset of the stationary phase a massive structural 
reorganization of chromatin is observed due to transition of DNA molecules into an 
ordered, tightly-packed structure (56). This transition is elicited by the nonspecific DNA-
binding protein Dps, which accumulates to a very high concentration and constitutes the 
major protein component of the nucleoid in late stationary state E. coli cells (53,57). 
Interaction between DNA and purified E. coli Dps results in a rapid formation of tightly 
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packed and highly ordered DNA-Dps co-crystals, inside of which the stability of Dps is 
significantly enhanced relative to the stability of the free protein and the DNA is 
effectively protected against oxidizing agents and various nucleases (53,58). Also DNA-
Dps co-crystals were detected in the cytoplasm of starved E. coli cells that overexpress 
Dps (56). This indicates a generic mode of DNA protection by physical sequestration that 
limits DNA accessibility to detrimental factors during starvation, when ATP-dependent 
enzymatic processes are no longer effective.  
Close Dps homologs have been identified in distantly related bacteria, suggesting 
that this protein maintains a general and crucial function in the cell (59,60). 
Bioinformatics on the transcriptional regulators for the dps gene and its homologs 
suggested that oxidative stress is a more common induction signal among bacterial phyla 
for Dps expression, whereas the stationary phase-specific regulation is rather restricted to 
some species. Accordingly, during exponential growth, E. coli Dps is upregulated by the 
transcriptional regulator OxyR on exposure to H2O2 and in the stationary phase, the 
protein is expressed at high levels via the alternative sigma factor σs and induces the 
formation of toroidal assemblies with the genomic DNA (57,61).   
Deinococcus radiodurans   
Members of the family Deinococcaceae are distinguished by their extraordinary 
ability to tolerate the lethal and mutagenic effects of DNA damaging agents, including 
high levels of UV and ionizing radiation, oxidative damage, genotoxic chemicals and 
desiccation. The genus Deinococcus includes eleven species and seven of these can 
survive the dose of ionizing radiation that is lethal to most microorganisms (62). For 
example an exponentially growing culture of Deinococcus radiodurans R1, the type 
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species for the genus, is able to tolerate 5,000 Gy of γ radiation without loss of viability 
or evidence of mutation (63). In fact these bacteria are the most DNA damage-resistant 
organisms identified till date. 
The Deinococci were initially classified as members of the genus Micrococcus. 
But chemotaxonomic studies of Micrococcaceae and the phylogenetic analysis of highly 
conserved genes including 16S and 5S rRNA have confirmed that the Deinococci are 
most closely related to the genus Thermus and should not be classified as Micrococcus 
(64,65). All members of the Thermus genus are thermophilic. Deinococci are not 
thermophiles, despite their relationship to Thermus.  
Deinococcus radiodurans R1 is a large (1.5-3.5 µm in diameter), mesophilic, red-
pigmented (due to the carotenoids present in the membrane), nonsporeforming, 
nonmotile, obligate aerobic bacterium, first isolated in 1956 from canned meat that was 
treated with a sterilization dose of γ radiation (66). Though D. radiodurans stains as 
Gram-positive it has a complex cell envelope similar to that of Gram-negative bacteria. 
This cell envelope is unusual in terms of its chemical composition and is made of plasma 
membrane, a thick (14-16 nm) peptidoglycan layer, outer membrane (comprised of 
unconventional glycophospholipids), and some strains exhibit a paracrystalline S layer 
(66). These bacterial cells typically grow in undefined rich medium (TGY) dividing 
alternately in two planes to generate pairs (diplococci) in the early stages of growth and 
tetrads (tetracocci) in the later stages (67). 
The D. radiodurans genome is composed of two chromosomes: chromosome I 
(2.65 Mbp) and chromosome II (412 kbp), a megaplasmid (177 kbp) and a plasmid (45.7 
kbp) (68). There are 3187 open reading frames (ORFs) present, representing 90% of the 
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genome (68). The base composition of the genome has a high GC content, ranging from 
65 to 71 mol% (66). D. radiodurans is multigenomic and maintains 8-10 copies of its 
genome during exponential growth and an estimated four genome equivalents during 
stationary phase (69). 
Many members of the deinococci family have been recovered from a variety of 
locations rich in organic nutrients such as soil, processed meats, animal feces and sewage 
(70). Deinococcal strains have also been isolated from dry nutrient-poor surroundings 
like room dust, irradiated medical instruments, dried foods, textiles and weathered granite 
of the Antarctic valley (71,72). These isolations from more unforgiving environments 
suggest that deinococci have evolved, much as the spore-forming organisms, to survive 
periods of prolonged environmental stress. It is noteworthy that D. radiodurans is 
exceptionally resistant to desiccation and can survive for six years in a desiccator with 
10% viability (66).   
The exponentially growing cells of D. radiodurans are 200 times more resistant to 
ionizing radiation and 20 times more resistant to UV radiation as compared to E. coli 
(66). It has been suggested that the radiation resistance of D. radiodurans is a 
consequence of its ability to withstand extended period of desiccation (73). The exact 
mechanisms responsible for the extreme radiation resistance of D. radiodurans are not 
known. However, all the available evidence suggests that the efficient repair of damaged 
DNA has a significant role in deinococci’s DNA damage tolerance (74). Only a limited 
amount is known about the biochemical basis of the repair process. Four different types 
of DNA repair activities have been identified in Deinococcus including nucleotide 
excision repair (a UvrABCD system and a UVDE system), base excision repair (nine 
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DNA glycosylases and an apurinic-apyrimidinic endonuclease), mismatch excision repair 
(MutL and MutS) and various kinds of recombational repair (RecA, RuvABC and 
SbcCD). Notably, all of the deinococcal DNA repair proteins have functional homologs 
in other prokaryotes, implying that this complement of proteins alone is not sufficient to 
describe the organism’s extreme resistance. However, compared to other prokaryotic 
species these DNA repair proteins are very redundant in D. radiodurans (75,76).  
In addition to a highly efficient repair system, protective mechanisms against 
oxidative damage are also likely to contribute to the extraordinary radiation resistance of 
Deinococcus. The lethal effects of ionizing and UV radiation and desiccation are 
enhanced by oxygen, leading to the generation of reactive oxygen species which can 
damage nucleic acids, proteins and cell membranes. So scavenging oxygen radicals is a 
very important part of the protection mechanism. Several prevention proteins are found in 
D. radiodurans, including two catalases, one of which has been shown to be induced 
after exposure to ionizing radiation, multiple superoxide dismutases (SOD) and two Dps 
(DNA protection during starvation) proteins (77,78). Catalase and SOD mutants of D. 
radiodurans are more sensitive to ionizing radiation than the wild type strain (79).  
Deinococcus radiodurans Dps Proteins 
Primarily studied in E. coli, Dps is a non-specific DNA-binding protein which 
exerts its protective effects by a combination of physically shielding the DNA and by its 
ability to chelate free ferrous iron to prevent the Fenton reaction as discussed above 
(39,53,58,80). In addition, Dps serves as an impotant factor in compaction of the E. coli 
nucleoid (81). The D. radiodurans genome encodes two proteins with homology to E. 
coli Dps which are designated as Dps-1 and Dps-2. Dps-1, the Dps homolog more 
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homologous to E. coli Dps, corresponds to DR2263 and is encoded on Chromosome 1. 
Dps-2, the product of DRB0092, is encoded on megaplasmid MP1 (68). Both Dps 
homologs are characterized by highly conserved ferroxidase centers and unusually long 
lysine-rich N-terminal extensions, predicting their ability to bind DNA. In addition Dps-2 
contains a predicted signal peptide at the N-terminus and is predicted not to be 
cytoplasmic (a 100% probability of non-cytoplasmic localization according to the 
algorithm PSORT).   
 Two oligomeric forms of Dps-1 have been identified in vitro, a dimeric and a 
dodecameric form (78). Both dimeric and dodecameric Dps-1 exhibit ferroxidase activity 
and Fe(II) oxidation/ mineralization is seen for dodecameric protein (78). Though dimeric 
Dps-1 protects DNA from both hydroxyl radical cleavage and from DNase I-mediated 
DNA degradation, dodecameric Dps-1 is unable to provide efficient protection against 
hydroxyl radical mediated DNA cleavage, an observation ascribed to the continuous 
release of iron from the dodecameric protein (78). Hence, the dodecameric Dps-1 is 
functionally distinct in comparison to other Dps homologs because of its failure to protect 
DNA against hydroxyl radical-mediated DNA degradation.   
It has been shown that both oligomeric forms of Dps-1 can bind DNA without 
apparent sequence specificity, and the binding affinity of dodecameric D. radiodurans 
Dps-1 is ~400 fold higher than that of E. coli Dps (50,78). Binding of dodecameric Dps-1 
to DNA results in formation of large aggregates whereas cooperative DNA binding by 
dimeric Dps-1 leads to the formation of DNA/Dps-1 complexes of finite stoichiometry 
(78). D. radiodurans Dps-1 does not display standard DNA-binding motifs, as noted for 
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E. coli Dps. However, the N-terminal extension of Dps-1 is even longer than that of E. 
coli Dps and contains a total of seven lysine and one arginine residues.  
The recently published crystal structure of Dps-1 contains one protein subunit in 
the asymmetric unit but the electron density for the first ~30 N-terminal amino acid 
residues is too poor to allow them to be modeled, indicating that this part of the protein is 
disordered and may be involved in DNA binding (82,83). In addition to structural 
features common to the Dps family members, the two-fold ferroxidase center and the 
Fe(II) entry gates,  the crystal structure of D. radiodurans Dps-1 revealed a novel iron-
exit channel and a regulatory N-terminal metal-binding site which is dissimilar to that of 
L. lactis Dps. Binding of a metal ion at the N-terminal metal site could perhaps control 
the relative orientation of the N-terminus and the main body of the protein.  
Here I show that the DNA binding and oligomerization properties of Dps-1 are 
conferred by its unique N-terminal extension and demonstrate for the first time the 
mechanism of DNA binding by a Dps homolog. Characterization of the DNA binding by 
Dps-1 suggests a mode of DNA interaction that is consistent with the formation of 
stacked protein-DNA layers leading to DNA compaction. 
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CHAPTER 2 
THE N-TERMINAL EXTENSIONS OF DEINOCOCCUS 
RADIODURANS DPS-1 MEDIATE DNA MAJOR GROOVE 
INTERACTIONS AS WELL AS ASSEMBLY OF THE 
DODECAMER∗
                                                 
∗ Reprinted from Journal of Biological Chemistry. Copyright 2007, The American Society for 
Biochemistry and Molecular Biology, Inc. 
 
Introduction 
All aerobic microorganisms are exposed to reactive oxygen species (ROS) such as 
O.-2, H2O2 and •OH that can damage cellular macromolecules, including proteins, lipids 
and DNA. Therefore, they have developed a number of defense mechanisms to combat 
such stress conditions in the environment. One of the key components in the response to 
oxidative stress in prokaryotes is the non-specific DNA-binding protein Dps (DNA 
protection during starvation). 
Toxicity of the ROS H2O2 itself is relatively weak, but it can form highly reactive 
hydroxyl radicals in the presence of transition metals such as Fe2+ according to the 
Fenton reaction (H2O2 + Fe2+ → •OH + -OH + Fe3+) (1). Thus, the presence of iron 
increases the probability of oxidative damage to cellular components. Dps, initially 
studied in Escherichia coli, was shown to protect DNA by its ability to chelate ferrous 
iron and also by its physical association with DNA (2-5).  
Twelve Dps monomers form a spherical assembly similar to the spherical shell 
formed by 24 subunits of the iron storage protein, ferritin (6-9). Each Dps monomer 
adopts a four-helix (A-D) bundle conformation as seen for ferritin but unlike ferritin, Dps 
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possesses a short helix in the middle of the BC loop and lacks the C-terminal fifth helix 
present in the ferritin monomer (10-13). Secondly, the ferroxidase site in Dps is usually 
generated at the interface between two subunits and, with one reported exception, is not 
within the four-helix bundle as in the case of ferritin (14,15). It is also notable that not all 
Dps homologs follow the same catalytic mechanism, as exemplified by the absence of a 
conserved ferroxidase center in Lactococcus lactis DpsB, and the failure of Bacillus 
anthracis Dps1 to utilize H2O2 in the ferroxidation reaction (16,17). 
In contrast to the highly conserved ferroxidase center, Dps homologs have a 
variable N-terminal extension. This N-terminal tail which contains multiple positively 
charged residues extends from the four-helix bundle core into the solvent (11,18,19).  As 
the surface of the Dps protein does not display “classical” DNA-binding motifs and is 
dominated by negative charges, it has been proposed that the DNA binding properties of 
E. coli Dps, the family prototype, are associated with the presence of the lysine rich N-
terminal tail (11). Consistent with this notion, proteins which do not have an N-terminal 
extension such as the Dps homolog Hp-NAP from Helicobacter pylori or Dps from 
Agrobacterium tumefaciens, whose N-terminal tail is immobilized on the protein surface, 
fail to bind DNA (20,21). 
The mesophilic, non-spore-forming eubacterium Deinococcus radiodurans is 
known for its extraordinary ability to withstand the lethal and mutagenic effects of DNA 
damaging agents, such as ionizing radiation and desiccation, both conditions that are 
characterized by the presence of oxidative radicals (22,23). D. radiodurans encodes two 
proteins that are predicted to belong to the Dps family of proteins. The Dps homolog 
most closely related to E. coli Dps (Dps-1, the product of locus DR2263) is encoded on 
 27
chromosome 1. Recently it was shown that both dodecameric and dimeric forms of Dps-1 
can bind DNA and that both exhibit ferroxidase activity (24). Notably, the dodecameric 
Dps-1 is functionally distinct from other Dps homologs because of its inability to provide 
efficient protection against hydroxyl radical-mediated DNA degradation.  
The N-terminal extension of Dps-1 is longer than that of E. coli Dps and contains 
a total of seven lysine residues. The recently solved crystal structure of D. radiodurans 
Dps-1 shows that the N-terminus is exposed at the surface of the dodecamer and would 
be available to interact with DNA (18,19). The first ~30 amino acids of the N-terminus 
are not visible in the structure and are presumably disordered. The crystal structure of 
Dps-1 also reveals a unique metal binding site located at the base of the N-terminal tail, 
docking it to the outer surface of the protein. Only L. lactis Dps features a metal site at 
the N-terminus, however, there is no structural similarity between L. lactis Dps and D. 
radiodurans Dps-1 in this region (16,18). Here we show that the N-terminal extension of 
Dps-1 surprisingly is required not only for DNA binding, but also for assembly of the 
dodecamer. Analysis of DNA binding suggests a mode of interaction consistent with 
metal-anchored N-terminal extensions interacting in successive DNA major grooves. 
With multiple DNA binding sites, this mode of interaction is consistent with the 
previously observed DNA compaction, suggested to arise as a consequence of the 
formation of stacked layers of DNA and protein (25). 
Experimental Procedures 
Mutagenesis, Overexpression and Purification of Dps-dn and Dps-met  
Deletion of the entire N-terminal extension (Dps-dn) was accomplished by 
amplifying the Dps-1 gene lacking 165 bp at the N-terminus from plasmid containing the 
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entire Dps-1 gene (pET5a-dps1) using forward primer 5'-
GAAAAAGAGCATATGACCGTC-3' and reverse primer 5'-
CTTCAAGAATTCCCCTTCTCC-3'. The amplified PCR fragment was then cloned into 
the T7-NT/TOPO vector (Invitrogen).  
Dps-1 retaining the N-terminal metal site was generated by amplification of the 
Dps-1 gene lacking 99 bp at the N-terminus from pET5a-dps1 using forward primer 5'-
GCGGCACCATGCACGCT-3' and reverse primer 5'-
CGTCTTCAAGAATTCCCCTTCTC-3'. The PCR product was then re-amplified using 
forward primer 5'-CACCATGCACGCTGAC-3' and reverse primer 5'-
CTTCAAGAATTCCCCTTCTCC-3' to introduce the sequence necessary to clone it into 
the Champion pET100/D-TOPO vector (Invitrogen). The integrity of the constructs was 
confirmed by sequencing.  
Each of the resulting plasmids was transformed into E. coli BL21(DE3)pLysS and 
overexpression was induced with 1 mM IPTG at an A600 of 0.3. Cells were pelleted 2 
hours after induction and stored at -80°C. The cell pellet was resuspended in a lysis 
buffer, pH 8.0 (50 mM NaxHyPO4, 300 mM NaCl, 10 mM imidazole, 10% glycerol, 1 
mM 2-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride (PMSF)), and lysed by 
sonication. Nucleic acids were digested by addition of DNase I followed by a 1-hour 
incubation on ice. The cell lysate was centrifuged at 4°C for 20 minutes at 5000 rpm. The 
supernatant was mixed with 5 ml HIS-Select Nickel Affinity Gel (Sigma) and incubated 
at 4°C for 30 minutes. The mixture was then poured into a column and washed with 5 
column volumes of wash buffer, pH 8.0 (50 mM NaxHyPO4, 300 mM NaCl, 20 mM 
imidazole, 10% glycerol, 1 mM 2-mercaptoethanol, and 1 mM PMSF). Proteins were 
 29
eluted with a 40-ml linear gradient from 20 mM imidazole (wash buffer) to 250 mM 
imidazole (elution buffer, pH 8.0, 50 mM NaxHyPO4, 300 mM NaCl, 250 mM imidazole, 
10% glycerol, 1 mM 2-mercaptoethanol, and 1 mM PMSF) followed by 50 ml of elution 
buffer. Pure Dps-dn and Dps-met fractions were pooled and protein concentrations were 
determined by quantification of Coomassie Blue-stained SDS-PAGE gels using bovine 
serum albumin as a standard. Untagged full-length Dps-1 was prepared as described (24). 
All protein preparations were judged to be >95% pure based on Coomassie-stained SDS-
PAGE gels. 
Cleavage of His-tag from Recombinant Dps-dn and Dps-met  
Fifty µg of protein was incubated with 1 unit of recombinant enterokinase (rEK) 
from Novagen at room temperature for 16 hours in rEK cleavage buffer (50 mM NaCl, 
20 mM Tris-HCl, 2 mM CaCl2, pH 7.4) supplied with the enzyme. The cleavage 
reactions were judged by SDS-PAGE to be complete. 
Protein Crosslinking  
Proteins were crosslinked with 0.1% (v/v) glutaraldehyde in presence of 10 mM 
Hepes (pH 7.8) and 50 or 500 mM NaCl in a total reaction volume of 10 µl at room 
temperature for 30 minutes. The reaction was terminated by addition of an equal volume 
of Laemmli sample buffer and the crosslinked products were analyzed by SDS-PAGE 
followed by Coomassie Blue staining. 
Native Polyacrylamide Gel Electrophoresis  
 The oligomeric state of wild type Dps-1 and the N-terminal deletion mutants was 
observed on 5% non-denaturing acrylamide gels. The gel recipe was same as the running 
gel of SDS-PAGE according to the method of Laemmli, excluding the presence of 
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sodium dodecyl sulfate (SDS). The electrophoresis was carried out in 375 mM Tris-HCl, 
pH 8.7.   
FPLC and Gel Filtration  
All steps of gel filtration were carried out at 4°C. HiLoad 16/60 Superdex 30 prep 
grade column (bed length 60 cm, inner diameter 16 mm; GE Healthcare) was first 
washed with 1 column volume of Buffer A, pH 8.0 (50 mM NaxHyPO4, 10 mM 
imidazole, 10% glycerol) and then with 2 column volumes of Buffer B, pH 8.0 (50 mM 
NaxHyPO4, 300 mM NaCl, 10 mM imidazole, 10% glycerol). The Gel Filtration Standard 
(BioRad), which is a mixture of bovine thyroglobin (670 kDa), bovine gamma globulin 
(158kDa), chicken ovalbumin (44kDa), horse myoglobin (17kDa) and vitamin B-12 
(1.35kDa), was run to calibrate the column. The concentration of protein applied to the 
gel filtration column was 5 mg/ml for both wild type Dps-1 and Dps-dn. The proteins 
were run independently under the same conditions and were eluted with a flow rate of 
0.5ml/min. 
Ferroxidation by Dps-dn and Dps-met  
 The kinetics of iron oxidation by Dps-dn and Dps-met was measured at 310 nm 
using an Agilent 8453 spectrophotometer. Proteins were diluted to 0.2 mg/ml in 20 mM 
Mops (pH 7.0), 100 mM NaCl. Solutions of ferrous ammonium sulfate, which were used 
as the source of ferrous iron, were freshly prepared immediately before each experiment. 
The kinetic data were plotted using GraphPad Prism 4.0. 
Electrophoretic Mobility Shift Assays (EMSA)   
Supercoiled pGEM5 (100 ng corresponding to 52 fmol of plasmid) was mixed 
with protein in 10 µl of binding buffer (20 mM Tris-HCl pH 8, 50 or 500 mM NaCl, 10 
 31
mM MgCl2, 0.1 mM Na2EDTA, 1 mM dithiothreitol, 0.05% Brij58, 100 µg/ml of BSA) 
and incubated at room temperature for 30 minutes. The entire reaction was then loaded 
onto a 1% (w/v) agarose gel in 0.5X TBE (45 mM Tris-borate (pH 8.3), 1 mM EDTA). 
The gel was stained with ethidium bromide following electrophoresis. 
Oligodeoxyribonucleotides used to generate short duplex DNA constructs were 
purchased and purified by denaturing polyacrylamide gel electrophoresis. The sequence 
of 26 bp, 22 bp, 18 bp and 13 bp (all average G+C content) DNA is shown in online 
Table 2.1. The top strand was 32P-labeled at the 5'-end with phage T4 polynucleotide 
kinase. Equimolar amounts of complementary oligonucleotides were mixed, heated to 
90°C and cooled slowly to room temperature (23°C) to form duplex DNA. 
Table 2.1 Sequences of the oligodeoxyribonucleotides used for DNA-binding 
________________________________________________________________________ 
 
      26 bp     5' -CGT GAC TAC TAT AAA TAG ATG ATC CG- 3' 
 
      22 bp     5' -GGA CTA CTA TAA ATA GAT GAT C- 3' 
 
      18 bp     5' -CCT AGG CTA CAC CTA CTC-3' 
 
                    13bp      5' -GCG TGA GCA GCG C- 3' 
________________________________________________________________________ 
 
EMSA were performed using 10% polyacrylamide gels (39:1 (w/w) 
acrylamide:bisacrylamide) in 0.5x TBE, unless specified otherwise. Gels were pre-run for 
30 minutes at 175 volts at room temperature before loading the samples with power on, 
except for experiments with 18 bp and 13 bp duplex, which were performed at 4°C to 
ensure stability of the duplexes. DNA and protein were mixed in binding buffer 
(containing 50 mM NaCl for dimeric Dps-1 and 500 mM NaCl for dodecameric Dps-1) 
and each sample contained 50 fmol (for dimeric Dps-1) or 2.5 fmol (for dodecameric 
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Dps-1) of DNA in a total reaction volume of 10 µl unless indicated otherwise. After 
electrophoresis, gels were dried and protein-DNA complexes and free DNA were 
quantified by phosphoimaging, using software supplied by the manufacturer 
(ImageQuant 1.1). The region on the gel between complex and free DNA was considered 
as complex to account for complex dissociation during electrophoresis. Data were fit to 
the Hill equation f = fmax[Dps-1]n/(Kd + [Dps-1]n) where [Dps-1] is the protein 
concentration, f is fractional saturation, Kd reflects the apparent equilibrium dissociation 
constant, and n is the Hill coefficient. Fits were performed using the program 
KaleidaGraph, and the quality of the fits was evaluated by visual inspection, χ2 values 
and correlation coefficients. All experiments were carried out at least in triplicate. 
Effect of Divalent Metal Ions on DNA Binding  
 To remove the divalent cations from Dps-1, the protein was incubated with 50 
mM bipyridyl for 20 minutes at 4°C. The bipyridyl or metal-bipyridyl complex was then 
removed from the protein solution by dialysis against a high salt buffer (10 mM Tris-HCl 
(pH 8.0), 500 mM KCl, 5% (v/v) glycerol, 0.5 M β-mercaptoethanol and 0.2 M PMSF) at 
4°C for 2 hours. DNA (2.5 fmol) was then incubated with 0–12.4 nM bipyridyl treated 
protein with or without 80 nM CoCl2 (chosen as it is known from the crystal structure to 
bind the N-terminal metal site (18)) at room temperature for 30 minutes. The reactions 
were analyzed on a 10% polyacrylamide gel (39:1 (w/w) acrylamide:bisacrylamide) in 
0.5x TBE. After electrophoresis, the gel was dried and protein-DNA complexes and free 
DNA were visualized by phosphoimaging. 
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Netropsin Assay  
 Eight nM dodecameric Dps-1 was incubated with 50 fmol of 26 bp double 
stranded 32P-labeled DNA containing an 8 bp TATA box (sequence available in online 
Supplementary Material) in 10 µl of binding buffer with 500 mM NaCl at room 
temperature for 45 minutes. Then the minor groove-binding drug netropsin was added to 
the reaction to a final concentration of 1µM for an additional 45-minute incubation. The 
effect of netropsin on TBP-DNA complex formation was studied in parallel where the 
same 26 bp duplex DNA was incubated with 1070 pmol of TBP in a reaction buffer (40 
mM Tris-HCl pH 8.0, 10 mM NaCl, 7 mM MgCl2, 3 mM dithiothreitol, 10 µg/ml BSA) 
followed by addition of netropsin. All reactions were analyzed on a 10% polyacrylamide 
gel (39:1 (w/w) acrylamide:bisacrylamide) containing 2.5 mM MgCl2 in 0.5x TBE with  
2.5 mM MgCl2. After electrophoresis, the gel was dried and protein-DNA complexes and 
free DNA were visualized by phosphoimaging. 
Methylation Interference Assay  
Twenty-six bp 32P-labeled double stranded DNA was methylated by treatment 
with 0.5% dimethyl sulfate (DMS) for 10 minutes at room temperature in a total reaction 
volume of 10 µl. The reaction was stopped by addition of 2.5 µl of DMS stop solution 
(1.5 M sodium acetate and 1 M β-mercaptoethanol) and the DNA was recovered by 
ethanol precipitation. Eight nM of dodecameric Dps-1 was incubated with 50 fmol of 26 
bp labeled duplex DNA treated with or without DMS in binding buffer containing 500 
mM NaCl at room temperature for 60 minutes. The reactions were analyzed on a 10% 
polyacrylamide gel (39:1 (w/w) acrylamide:bisacrylamide) in 0.5x TBE. After 
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electrophoresis, the gel was dried and protein-DNA complexes and free DNA were 
visualized by phosphoimaging. 
DNA Cyclization  
Plasmid pET5a was digested with BspHI to yield a 105 bp fragment, which was 
purified on a 2% agarose gel. Ligase mediated DNA cyclization experiments were carried 
out with varying protein concentrations. Reactions were initiated by addition of 80 units 
of T4 DNA ligase to a final volume of 10 µl.  Reactions containing 10-100 fmol DNA 
and the desired concentration of Dps-1 or Thermotoga maritima HU (TmHU) were 
incubated in 1X binding buffer with 200 mM NaCl and 1X ligase buffer at room 
temperature for 60 minutes. Reactions were terminated using 3 µl of 10% SDS followed 
by phenol-chloroform extraction and ethanol precipitation. Reactions were analyzed on a 
8% polyacrylamide gel (39:1 (w/w) acrylamide:bisacrylamide) with 0.5x TBE as running 
buffer. After electrophoresis, gels were dried and ligation products were visualized by 
phosphoimaging.  
 All experiments involving protein-DNA interaction or native gel electrophoresis 
were performed at least in triplicate and with at least two different protein preparations. 
Results 
Structural Considerations  
A comparison of the Dps-1 amino acid sequence with that of other Dps proteins 
reveals that Dps-1 shares significant sequence homology with other Dps homologs, such 
as complete conservation of residues involved in assembly of the ferroxidase center, and 
that a main difference is the N-terminal extension (Figure 2.1(a)). The crystal structure of 
Dps-1 contains ~177 amino acid residues of each monomer; the first ~30 residues are not  
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Figure 2.1 Primery structure alignment of Dps homologs and the N-terminal metal 
site of Dps-1 (a) Sequence alignment of Dps proteinss. Sequences are numbered based on 
the D. radiodurans Dps-1 sequence. Blue, black and green shaded background identifies 
identical, conserved and similar residues (residues considered similar are G,A,L,I,V,M,P; 
D,E,Q,N; R,K,H; S,T,A; W,Y,F) respectively. Helical segments are identified by the 
letters A, B, C, D and E. Residues involved in metal coordination at the N-terminus are 
shown in red. Blue and black arrows indicate the start positions of Dps-dn and Dps-met 
respectively. Lis_Dps, Listeria innocua Dps; Atu_Dps, Agrobacterium tumefaciens Dps;  
Eco_Dps, Escherichia coli Dps; Hp_NAP, Helicobacter pylori neutrophil-activating 
protein; Lac_Dps, Lactococcus lactis DpsB; Dps-1, Dps homolog encoded by D. 
radiodurans. Sequences are aligned using ClustalX (37). (b) View of the metal-bound N-
terminal loop of D. radiodurans Dps-1 (pdb 2F7N). Left panel depicts the quaternary 
structure of Dps-1 showing the position of two dimers (one dimer shown in yellow and 
green, the other in blue and red, remaining dimers shown in gray) connected through 
hydrogen bonding. Right panel shows a blowup of the metal-bound N-terminal loop 
(indicated by black rectangle in left panel). The metal ion (Co2+) is indicated as a cyan 
sphere. The residues involved in the metal coordination are shown in red. Asn44 (purple) 
can hydrogen bond with Asp202 (magenta) or Glu204 (orange) of the neighboring 
monomer and Asn49 (blue) can hydrogen bond with Arg194 (ruby) or Gln198 (olive). 
The pictures were generated with PyMol v0.99 [http:// pymol.sourceforge.net/].  
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visible, an indication that these residues are freely mobile and may be involved in DNA 
binding as in the case of E. coli Dps (11). The remaining 25 N-terminal residues (Gly31-
Glu55) preceding the first helix of the four-helix bundle define a loop that harbors a 
unique metal ion binding site (Figure 2.1(b)). In order to specify the role of the N-
terminus in DNA binding and state of oligomerization of Dps-1, two deletion mutants, 
Dps-dn and Dps-met, were constructed. Dps-dn lacks the entire 55-amino acid N-
terminus (thus comprising residues 56-207) whereas Dps-met lacks only the 33-residue 
flexible N-terminal region (and comprises residues 34-207). Dps-dn and Dps-met were 
expressed with an N-terminal His6-tag while wild type Dps-1 is untagged (Figure 2.2(a)). 
The N-terminal Metal Site Is Required for Oligomerization  
Wild type Dps-1 can exist as a dimer at low salt concentrations while assembly of 
a very stable dodecamer is favored upon exposure to divalent metals (24). Indeed, the 
vast majority of recombinant Dps-1 isolated from E. coli  is in  the  dodecameric state as 
shown by glutaraldehyde-mediated crosslinking (24). In contrast, glutaraldehyde-
mediated crosslinking of His6-tagged Dps-dn and Dps-met in buffer containing 50 mM or 
500 mM NaCl yielded dimers as the only cross-linked species with a significant 
proportion of protein appearing as monomer (Figure 2.2(b)). Addition of 2 mM MgCl2 or 
2 mM ZnCl2 to the crosslinking reactions resulted in the formation of a few higher order 
oligomers, but dimer remained the predominant species along with uncrosslinked 
monomers (data not shown). However, removal of the N-terminal domain also removed 
the majority of the lysines from Dps-dn and Dps-met which are necessary for 
glutaraldehyde mediated crosslinking. 
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Figure 2.2 Purified proteins and glutaraldehyde-mediated crossling. (a) Coomassie 
Blue-stained 15% SDS-PAGE gel showing purified proteins. Lane 1, molecular weight 
markers in kDa; lanes 2–4, 1.5 µg of Dps-dn, Dps-met and Dps-1, respectively. (b) 
Crosslinking of 1.5 µg of Dps-dn (lane 1), Dps-met (lane 2) and Dps-1(lane 3) with 0.1% 
(v/v) glutaraldehyde. The crosslinking reactions were ran on a 15% SDS-PAGE gel. 
Oligomeric assemblies are indicated at the right. 
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To determine rigorously the state of association of Dps-dn compared to Dps-1, 
FPLC-gel filtration experiments were carried out. From the gel filtration column, the 
majority of Dps-1 eluted as a high molecular weight oligomer corresponding to Mr ~310 
kDa, consistent with the dodecamer mass (Figure 2.3(b)-(c)). An additional peak 
appeared at an elution volume of ~75 ml indicating the presence of some lower 
oligomeric species. In contrast, His6-tagged Dps-dn eluted as a single peak of Mr ~44 
kDa, corresponding to the dimer mass. 
Consistent results were obtained by native PAGE analysis of Dps-1 and the 
mutant proteins. On a 5% non-denaturing polyacrylamide gel, His6-tagged Dps-dn, 
shown by FPLC to exist exclusively as a dimer, migrated as a single band (Figure 2.3(d), 
lane 3) with a molecular mass close to bovine serum albumin (BSA, lane 1) whereas 
dodecameric Dps-1 remained very close to the well of the gel (lane 2). Dps-met, on the 
other hand, when electrophoresed on a 5% native gel revealed the presence of two 
distinct species, one faint lower oligomeric species that migrates near BSA and a larger 
oligomeric species that runs much higher in the gel (lane 4). The mobility of the lower 
oligomer of Dps-met is consistent with a dimer mass. Removal of the His6-tag from Dps-
dn did not cause assembly of a dodecamer as seen by the even faster migration of the 
cleaved protein in the native gel (lane 5) whereas his-cleaved Dps-met migrated 
exclusively as a dodecamer after incubation at room temperature for half an hour in the 
presence of divalent cation (lane 6) suggesting that the His6-tag of Dps-met hindered 
proper assembly of the dodecamer. As the metal is coordinated in part by two histidine 
residues, these data also suggest that the reason for interference from the vicinal His6-tag 
is that it impedes proper metal coordination. This interpretation is also consistent with the  
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Figure 2.3 State of association of Dps-1 variants. (a)-(b) Gel filtration analysis of Dps-1 
and Dps-dn. Panel (a) shows molecular markers used to calibrate the FPLC column. 
Panel (b) depicts the gel filtration elution pattern of Dps-1 and Dps-dn. Peaks correspond 
to the dodecameric (X) and dimeric (Y) species. (c) The linear calibration curve 
represents the logarithm of molecular mass as a function of elution volume; the elution 
volume of dodecameric Dps-1 and dimeric Dps-dn is indicated by arrows. (d) 5% native 
gel showing oligomeric state of recombinant proteins. Lane 1, BSA (Mr 66,000, pI 5.4); 
lane 2, Dps-1 (Mr 23,020 for monomeric Dps-1, pI 5.3); lane 3, His-tagged Dps-dn; lane 
4, His-tagged Dps-met; lane 5, His-cleaved Dps-dn; lane 6, His-cleaved Dps-met.   
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apparent slower mobility of His6-tagged Dps-met in SDS-PAGE (Figure 2.2(a)), which 
suggests that Dps-1 is more compact than Dps-met due to metal-coordination at the N-
terminal site. Evidently, retention of the N-terminal metal binding site is essential for 
assembly of a dodecameric species. 
Iron Oxidation Is not Compromised in Dps-dn and Dps-met   
In accordance with the presence of the ferroxidase center, both of the mutant 
proteins retained the ability to oxidize iron. A progress curve of iron oxidation was 
measured at 310 nm using His6-tagged proteins. As shown in Figure 2.4, upon addition of 
five Fe(II) per ferroxidase site, the absorbance gradually increased with time, which 
implies that Fe(II) was converted to Fe(III) by utilizing the molecular oxygen present in 
the air. Though Dps-dn was able to oxidize iron, as previously reported for dimeric wild-
type Dps-1, it did not exhibit significant absorbance at 300-400 nm after the ferroxidation 
reaction, indicating no mineralized iron core formation (26,27). This is consistent with 
the exclusive existence of  Dps-dn as  a  dimer. In contrast, Dps-met was able to assemble  
into a dodecamer after ferroxidation, as confirmed by native gel electrophoresis and the 
diagnostic absorbance at 300-400 nm due to formation of an iron core (data not shown).  
The N-terminal Extension Is Required for DNA Binding  
Both dimeric and dodecameric Dps-1 were previously shown to bind DNA, with 
dodecameric protein exhibiting ~1,000-fold higher affinity compared to the Dps-1 dimer 
(Kd ~1.3 µM), and both proteins exhibiting positive cooperativity of binding (24). The 
binding of Dps-dn and Dps-met to DNA was analyzed in electrophoretic mobility shift 
assays using end-labeled DNA duplexes as well as supercoiled plasmid DNA. While   
dimeric Dps-1 forms multiple complexes with DNA of 18 bp or longer (Figure 2.5(c) and     
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Figure 2.4 Ferroxidase activity of Dps-dn and Dps-met. 10:1 molar excess of Fe(II) per 
monomer of protein. (a) Kinetics of iron oxidation in the presence of 0.2 mg/ml Dps-dn 
and molecular oxygen (air) (b) Progress curve of iron oxidation by 0.2 mg/ml Dps-met 
equilibrated in air. The absorbance due to autooxidation of iron was barely detectable. 
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Figure 2.5 The DNA-binding activity of wt Dps-1, Dps-dn and Dps-met.  
Electrophoretic analysis of 26 bp duplex DNA titrated with Dps-dn (a) and Dps-met (b). 
(c) Binding of dimeric Dps-1 to 18-mer duplex DNA. Complexes and free DNA are 
indicated at the right. For dimeric Dps-1 protein concentrations are 0-2.5 µM. For mutant 
proteins, concentrations are 0-5 µM. (d) Agarose gel electrophoresis testing for a 
competition between dodecameric Dps-1 or Dps-dn binding to supercoiled pGEM5. 
Concentration of Dps-1 in each reaction is 2.4 pmol. Concentrations of Dps-dn are 
indicated above the panel. 
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(24)), no complex was observed when His6-tagged Dps-dn (Figure 2.5(a)) or Dps-met 
(Figure 2.5(b)) was incubated with 26 bp duplex DNA. Also, no protein-DNA complex 
was detected on agarose gels after incubation of up to 30 pmol of either of the mutant 
proteins with 100 ng supercoiled pGEM5 (data not shown). To determine whether the 
mutant proteins form complexes with DNA that are electrophoretically too unstable for 
detection, a direct competition assay for DNA binding with wild type Dps-1 and Dps-dn 
or Dps-met was performed. The amount of Dps-1 used was selected to be just sufficient 
to saturate the DNA (24). The DNA/Dps-1 complex did not dissociate even in the 
presence of 25 pmol of either of the mutant proteins (Figure 2.5(d) and data not shown), 
indicating the inability of both Dps-dn and Dps-met to bind DNA. Cleavage of the N-
terminal His6-tag did not restore DNA binding to either protein (data not shown; we note 
that His-tagging of Mycobacterium smegmatis Dps was shown to promote a DNA 
condensation  not seen with untagged  protein, and  that  this evidently is not the case for 
Dps-1 (28)). These results show that the flexible lysine-rich region of the N-terminus 
preceding the metal site is essential for association with DNA. 
Dps-1 Binds DNA in the Major Groove  
Dps-1 contains no classical DNA-binding motifs, and the mode of DNA 
interaction of Dps proteins is unknown. Netropsin, a reversible minor groove binding 
drug, was utilized to determine whether Dps-1 binds to the minor groove of DNA. If 
Dps-1 binds to the minor groove then in the presence of netropsin, the DNA/Dps-1 
complex formation would be inhibited. A well characterized minor groove-binder, the 
TATA box binding protein (TBP) was used as a control to investigate the inhibitory 
effects of netropsin (29). In the standard assay, DNA was incubated with the drug 
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followed by protein addition. In the reverse assay, drug addition to the DNA followed 
addition of the protein. In both assays, the presence of netropsin had no effect on 
DNA/Dps-1 complex formation. Dps-1 was able to bind DNA pretreated with netropsin 
(data not shown), and netropsin was unable to displace Dps-1 already bound to DNA 
(Figure 2.6(a), lane 5). This implies that DNA binding of Dps-1 does not occur though 
the minor groove. In contrast, DNA preincubated with netropsin cannot form complex 
with TBP, as expected. Also, as shown in Figure 2.6(a), lane 3, netropsin can disrupt 
almost 95% of the preformed DNA/TBP complex confirming activity of the drug. 
Treatment of DNA with dimethyl sulfate (DMS) methylates the N-7 of guanines in the 
major groove and the N-3 of adenosines in the minor groove (30,31). As shown by the 
inability of netropsin to compete for Dps-1 binding, Dps-1 does not bind to the minor 
groove and inhibition of DNA/Dps-1 complex formation by DMS would indicate that 
Dps-1 binding is  specific for  the  major groove. As shown in Figure 2.6(b), DNA pre- 
methylated with DMS was unable to form significant complex with Dps-1 (lane 4) 
compared to the DNA not treated with DMS (lane 3). Conversely, when Dps-1 was added 
to DNA prior to the addition of DMS, no dissociation of the complex was observed after 
DMS addition (data not shown). Hence DMS has no effect on already formed Dps-
1/DNA complex. This suggests that the affinity of dodecameric Dps-1 for DNA is too 
high for DMS to displace the protein from the DNA. Note also the marked preference of 
Dps-1 for dsDNA compared to ssDNA (Figure 2.6(c)). Taken together, these results 
show that Dps-1 binds preferentially to duplex DNA, and that it does so through the 
major groove. 
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Figure 2.6 Effect of groove-specific reagents on DNA binding of Dps-1. (a) Effect of 
netropsin on Dps-1 complex formation. Lane 1, 26 bp duplex DNA alone; lane 2, DNA 
incubated with TBP; lane 3, DNA preincubated with TBP followed by addition of 
netropsin. Lane 4 shows DNA/Dps-1 complex with no drug treatment. Lane 5 represents 
DNA/Dps-1 complex in the presence of netropsin. (b) Inhibition of Dps-1 complex 
formation by dimethyl sulfate (DMS). Lane1, 26 bp duplex DNA; lane 2, 26 bp duplex 
DNA methylated with DMS. Lane 3 depicts binding of Dps-1 to 26 bp DNA. Lane 4 
shows methylated 26 bp duplex DNA incubated with Dps-1 for an hour. (c) Titration of 
dodecameric Dps-1 with 26 bp ssDNA. Protein concentrations are 0-750 nM. 
 47
The Size of the Dps-1 Binding Site   
The affinity of Dps-1 for duplex DNA of decreasing length was measured to 
evaluate the binding site size of Dps-1 (32). Consistent with the previously reported ~0.5 
nM affinity for 26 bp DNA (24), quantification of complex formation with 26 bp DNA 
yields a Kd of 0.40 ± 0.04 nM for dodecameric Dps-1 (Figure 2.7). Interaction with 22 bp 
DNA yields a Kd of 0.45 ± 0.03 nM. But the affinity decreases very significantly as the 
duplex length is reduced to 18 bp; at the protein concentration where the dodecameric 
Dps-1 can saturate 22 bp DNA, barely discernable and electrophoretically unstable 
complex was observed with 18 bp duplex (Figure 2.7). Evidently, Dps-1 binds optimally 
to duplex DNA presenting two complete helical turns. That dissociation of the short 
duplexes during the reaction is not responsible for the lack of binding is evidenced by the 
presence of duplex DNA following electrophoresis (Figure 2.7(c)). For dimeric Dps-1, 
comparable low-affinity binding to 26 bp and  76 bp  DNA (Kd ~1.3 µM) was previously  
reported (24) and a significant further decrease in complex formation is observed only 
when the duplex length is reduced from 18 to 13 bp (Figure 2.5(c) and data not shown). 
Dps-1 Does Not Bend Duplex DNA  
Considering the presence of multiple N-terminal extensions protruding from the 
core dodecamer, we investigated whether Dps-1 would be able to wrap DNA about itself. 
Accordingly, DNA bending by Dps-1 was assayed using a cyclization assay in which 105 
bp linear duplex DNA was cyclized with T4 DNA ligase. In the presence of a DNA-
bending protein, an increased rate of ligase-mediated DNA cyclization would be 
observed (33). However, no DNA circles were formed in the cyclization assay at a range 
of Dps-1 concentrations from 1 nM to 200 nM (Figure 2.8, lanes 4-7 and data not 
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Figure 2.7 Size of Dps-1 binding site. Titration of dodecameric Dps-1 with 26 bp (a) 22 
bp (b) and 18 bp DNA (c). Protein concentrations are 0-3.5 nM. (d) Binding isotherm for 
dodecameric Dps-1 binding to 26 bp (solid line), 22bp (dashed line) and 18 bp (dotted 
line) DNA. When error bars are missing, they are smaller than the symbol size. The best 
fit to the data was obtained using the Hill equation (R2 = 0.9993, n = 2.8 ± 0.2 for 26 bp, 
R2 = 0.9995, n = 2.8 ± 0.1 for 22 bp and R2 = 0.9942, n = 1.2 ± 0.2 for 18 bp). 
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Figure 2.8 Dps-1 does not cyclize 105 bp duplex DNA in the presence of T4 DNA 
ligase. Lane 1, 105 bp DNA alone; Lane 2 shows DNA incubated with ligase. Lane 3 
shows DNA incubated with 100 nM TmHU and ligase with formation of mini-circles, as 
indicated. Lanes 4-7 shows DNA incubated with ligase and increasing concentrations 
(10, 50, 100, 200 nM) of dodecameric Dps-1. Reactions were optimized for binding of 
dodecameric Dps-1, not the HU protein. Circular DNA was confirmed by its resistance to 
digestion with Exonuclease III. 
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shown). Evidently, Dps-1 is unable to cyclize 105 bp DNA, suggesting either its inability 
to introduce a DNA bend or its assembly of a DNA complex in which intramolecular 
ligation is otherwise hindered. That Dps-1 does not merely bind to DNA ends, thus 
preventing formation of ligation products, is observed by ligation of linearized plasmid 
DNA in presence of Dps-1 (data not shown) and supported by the observation that it 
binds ssDNA with ~200-fold lower affinity compared to dsDNA (Figures 2.6(c) and 7).  
  The data so far suggest that a 22 bp unbent duplex allows for optimal interactions 
across one face of the Dps-1 dodecamer. An emerging question is therefore why the 
affinity of the dimer is so much lower than that of the dodecamer. Is it because the dimer 
has no metal bound at the N-terminal metal sites and its N-terminal extensions 
consequently are too flexible and/or not appropriately oriented in space? This is the most 
likely explanation, because addition of divalent metal to dimeric Dps-1 causes it to 
oligomerize (24). Notably, dodecameric Dps-1 treated with bipyridyl fails to bind DNA 
with the same affinity as the untreated protein and addition of Co2+ in the binding 
reaction restores high-affinity binding (Figure 2.9). The lower affinity is not due to 
dissociation of the dodecamer to some lower oligomeric species as the treatment with 
bipyridyl does not change the oligomerization state of the protein (as documented by 
glutaraldehyde-mediated crosslinking of the protein after removal of bipyridyl by 
microdialysis (Figure 2.10).  
Discussion 
The N-terminal metal site is required for assembly of the Dps-1 dodecamer - The 
overall quaternary structure formed by Dps homologs is highly conserved; an assembly 
of twelve four-helix bundle monomers. The main structural difference lies in the length  
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Figure 2.9 Effect of divalent metal ions on DNA binding by Dps-1. Titration of 
bipyridyl treated dodecameric Dps-1 (0-12.4 nM) with 26 bp DNA in absence (lanes 1-6) 
or presence of 80 nM CoCl2 (lanes 7-11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 52
 
 
                                
 
Figure 2.10 Crosslinking of bipyridyl treated Dps-1.Coomassie Blue-stained 15% 
SDS-PAGE gel showing glutaraldehyde-mediated crosslinking of bipyridyl treated Dps-
1. Lane 1, molecular weight markers in kDa; lane 2, 2.5 µg of bipyridyl treated Dps-1 
crosslinked with glutaraldehyde after removal of the bipyridyl by microdialysis.  
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of the N-terminal tails of the monomers. A multiple sequence alignment of Dps homologs 
(Figure 2.1) shows that D. radiodurans Dps-1 has a longer N-terminus, an extension of 
55 amino acid residues preceding the first helix of the four-helix bundle monomer. 
Between residue 30 and the start of helix A, 25 amino acids define a loop harboring a 
metal binding site (18,19). This metal binding site is coordinated by residues from a 
single protein subunit and is located at the external surface of the dodecameric sphere, 
accessible to the solvent. The tetragonal coordination includes three residues from the 
coiled N-terminus (Asp36, His39 and His50) and one residue from helix A (Glu55). The 
presence of an intrasubunit metal-ion binding site is also observed in L. lactis Dps, where 
Zn2+ is reported to be coordinated by two histidine residues and two water molecules 
(16). These two histidine residues are located at the end of an N-terminal helix (His22) 
and the start of helix A (His33). The presence or absence of bound metal does not appear  
to alter the conformation of the N-terminal helix of L. lactis Dps, and there is no 
sequence or structural homology between D. radiodurans and L. lactis Dps in this region. 
The mutant protein Dps-dn which lacks 55 amino acids at the N-terminus, 
including the metal site, fails to assemble into a dodecamer but exists as a stable dimer 
owing to extensive interactions at the interface between monomers that also defines the 
ferroxidase center. The presence or absence of the N-terminal His6-tag does not influence 
the oligomeric state of Dps-dn (Figure 2.3(d)). For the other deletion mutant, Dps-met, 
which lacks only the first 33 amino acids at the N-terminus and hence retains the metal 
coordination site, the N-terminal His6-tag can interfere with assembly of the dodecamer. 
Removal of the His6-tag causes Dps-met to exist exclusively as a dodecamer. This 
suggests that the presence of six additional histidine residues before the metal-binding 
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ligands may affect the proper coordination of a metal-ion at the metal-binding site and 
that the presence of the metal-binding site at the N-terminus is necessary for dodecameric 
assembly of Dps-1. This is also in agreement with the previously reported observation 
that in the presence of divalent cations, dimeric Dps-1 immediately starts oligomerizing, 
ultimately to form a dodecameric superstructure (24). A bound metal-ion at the N-
terminal metal center may predispose the N-terminal loop in a conformation that allows 
residues from two distinct dimers to connect through hydrogen-bonding, thus nucleating 
assembly of the dodecamer. Specifically, Asn44 can make hydrogen bonds with Asp202 
or Glu204 of the adjacent dimer and Asn49 can connect with Arg194 or Gln198 via 
hydrogen bonds (Figure 2.1(b)). Once assembly has occurred, stability of the dodecamer 
is accomplished through extensive interactions between neighboring four-helix bundles. 
An N-terminal deletion mutant of L. lactis DpsA (lacking residues 1-20), in which the N-
terminal metal coordination was also disrupted by site directed mutagenesis, was unable 
to interact with DNA (16). But this DpsA variant eluted  from a gel filtration column at a 
similar elution volume as native DpsA, suggesting that unlike Dps-1 disruption of the 
metal center at the N-terminus has no effect on the dodecameric assembly of DpsA (16). 
We do not know which divalent cation would be involved in the dodecameric assembly 
of Dps-1 in vivo, but it is tempting to speculate on the involvement of Mn2+ in Dps-1 
dodecamer formation in vivo as D. radiodurans accumulates very high intracellular 
manganese level when exposed to environmental stress conditions (34). 
The N-terminus Mediates Interactions in Consecutive DNA Major Grooves   
In the crystal structure of Dps-1 the first ~30 residues are not modeled owing to 
disorder and were predicted to be involved in DNA binding (18,19). The E. coli Dps 
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variant lacking 18 amino acids at the N-terminal fails to condense supercoiled DNA (35). 
The observation that the N-terminal deletion mutants, Dps-dn and Dps-met fail to bind 
DNA indicates that, like E. coli Dps, interaction of Dps-1 with DNA happens via the 
extended N-terminal region. Mutagenesis experiments have shown that lysine residues 
present in the N-terminal extension of E. coli Dps play a major role in DNA binding (35). 
Also, the protonation state of the N-terminal lysine residues determines the ability of E. 
coli Dps to interact with DNA and self-aggregate. Dps-1 has six lysine and one arginine 
in the flexible N-terminal region (before residue 30) and one lysine residue in the coiled 
N-terminus suggesting that these positively charged residues may play an important role 
in DNA/Dps-1 interaction. 
Though many Dps family members are able to bind DNA, they lack known DNA 
binding motifs and the exact mechanism by which Dps proteins bind DNA is not known 
(2,4,16.24,35,36). Our present findings show that Dps-1 interacts with the major groove 
of the DNA helix (Figure 2.6). As we have established that the N-terminus is responsible 
for DNA binding, a reasonable explanation would be that the N-terminal extension lies in 
the major groove where the positively charged residues establish stable electrostatic 
contacts with the negatively charged phosphate backbone. In the presence of EDTA, 
binding of Lactococcus DpsA to DNA was inhibited, a finding interpreted to imply a role 
of cations in bridging interactions between the protein surface and DNA (16). No change 
in DNA binding affinity or pattern of complex formation of Dps-1 was observed when 
EDTA was added to the binding reaction (data not shown) arguing against a role for 
bridging cations.  
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Dodecameric Dps-1 is expected to engage more than one DNA site to promote the 
DNA condensation seen as large DNA/Dps-1 complexes that are unable to enter the gel.  
As we have shown that the main body of the protein has little contribution to the DNA 
binding in absence of the N-terminus, the greater affinity of the dodecameric Dps-1 may 
be ascribed to the presence of twelve N-terminal extensions in the dodecamer compared 
to two in the dimer. The >1,000-fold difference in affinity between dimeric and 
dodecameric Dps-1 also suggests significant intramolecular cooperativity of DNA 
binding. Notably, the increase in affinity of dodecameric Dps-1 is manifest only with 
DNA duplexes of sufficient length (Figure 2.7); considering interactions in the DNA 
major grooves, the requirement for two complete helical turns implies optimal 
interactions involving two consecutive major grooves. We note that this is consistent with 
the previously estimated site size for Dps-1 of ~21 bp, which was based on saturation of 
plasmid DNA (and assuming DNA-binding to two Dps-1 binding surfaces (24)). The 
distance between two Ala32 (the first residue visible in the crystal structure) at the base 
of N-terminal tails protruding from either end of a Dps-1 dimer is ~35 Å, consistent with 
two N-terminal extensions interacting with consecutive major grooves.  
Cyclization of 105 bp DNA is not promoted by Dps-1 (Figure 2.8). The simplest 
interpretation is that Dps-1 fails to bend the DNA, a conclusion that would be consistent 
with a binding mode involving the DNA axis lying parallel to the long axis of the Dps-1 
dimer with the N-termini extending from either end of the dimer contacting the DNA.  
However, the possibility exists that other pairs of N-termini engage the DNA, resulting in 
curvature of the helix axis, and that the existence of multiple binding sites on the DNA 
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leads to binding of additional protomers whose DNA bends are out of phase with the 
helical repeat and hence cancel.  
We also infer that binding of a cation to the N-terminal metal site controls the 
relative orientation of the flexible N-terminus and hence exerts a regulatory effect on the 
DNA/Dps-1 interaction; this inference is based on the observation that addition of 
divalent metal to dimeric Dps-1 causes its oligomerization (24) implying that the N-
terminal metal site of dimeric Dps-1 is unoccupied. Notably, removal of metal by 
complexing with bipyridyl decreases the binding affinity of Dps-1 which indicates that 
occupancy of the N-terminal metal site is important for high-affinity DNA binding 
(Figure 2.9).  
In conclusion, our present work reveals for the first time, the involvement of the 
N-terminal extension in the dodecameric assembly of a Dps protein, likely achieved by a 
metal-bound N-terminal loop nucleating assembly by interacting with a vicinal dimer. 
The mode of DNA interaction involves optimal contacts to an unbent DNA duplex by 
two N-terminal tails of dodecameric Dps-1 anchored in space by metal-bound loops, 
allowing interaction in consecutive DNA major grooves. With six protein faces 
theoretically capable of interacting with DNA in this fashion, this is consistent with a 
layered assembly of protein and DNA that leads to DNA compaction.   
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CHAPTER 3 
 
ANALYSIS OF DEINOCOCCUS RADIODURANS DPS-1 
EXPRESSION SUGGESTS ITS ROLE IN COMPACTION OF THE 
DEINOCOCCAL CHROMOSOME   
 
Introduction 
The bacterial genomic DNA is folded into a compact yet dynamic nucleosome-
like structure called the nucleoid. The 1.6 mm long genomic DNA of Escherichia coli 
must be contained within a rod-shape cell that is only 2 µm long and 1 µm wide, and 
significant compaction of the DNA molecule is therefore necessary. Several factors are 
involved in compacting the chromosomal DNA sufficiently to fit inside the cell, which 
includes DNA supercoiling and macromolecular crowding (1-8). The prokaryotic 
nucleoid is organized into numerous small, negatively supercoiled topological domains 
that significantly contribute to the overall compactness of the bacterial genome. In 
addition to that, a set of distinct DNA-binding proteins associate with the chromosomal 
DNA and make it fold into a more compact higher-order structure. These proteins, which 
are collectively referred to as nucleoid-associated proteins (NAPs), have long been 
considered as structural proteins setting the overall nucleoid architecture (9-13).  
The association of NAPs, however, not only influences the nucleoid organization 
and compaction, but it also plays a significant role in a variety of DNA transacting 
processes like DNA replication, transcription, recombination, and repair. During their 
exponential growth phase, bacterial cells have a very active DNA metabolism. In the case 
of rapidly growing E.  coli, replication, chromosomal segregation and cell division occur 
within ~20 minutes. Unlike in eukaryotes, almost the entire bacterial chromosome is 
available for transcription during the entire cell cycle, though transcriptional activity 
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varies from region to region (14). Nevertheless, even genes whose transcriptional activity 
is limited can rapidly get activated by sudden changes in the environment. Hence it is 
necessary that chromosomal DNA be organized in a very dynamic fashion which will 
guarantee the access of proteins involved in different regulatory processes. Because of 
the presence of NAPs the nucleoid is not homogeneous in structure and the 
transcriptional activity in a certain region is tightly linked to the local nucleoid 
organization. The balanced combination of structural and regulatory roles of NAPs 
indicates that there is a correlation between the global genome functions of the nucleoid 
and its organization (14,15).  
It is essential for prokaryotic microorganisms to change their gene expression 
pattern during the transition from exponential-phase growth to stationary-phase growth to 
maintain their biological integrity. In contrast to the spore-forming bacteria, starved E. 
coli cells remain metabolically active and can resume growth as soon as the required 
nutrients become available (16,17). Dps, the DNA protection during starvation protein, is 
the most abundant protein in stationary phase E. coli. This starvation-inducible 
nonspecific DNA-binding protein was identified as a result of the analysis of proteins 
synthesized in 3-day-old cultures of E. coli (18). As E. coli cells go from exponential-
phase to stationary-phase growth, Dps expression is induced, reaching up to 200,000 
monomers per cell (18). In stationary phase, Dps expression is controlled by the rpoS-
encoded stationary-phase specific sigma factor σS, a transcription factor that controls the 
expression of many starvation-induced genes (18,19). It has also been shown that the 
histone-like integration host factor IHF is required for the σS-dependent induction of Dps 
in stationary phase (19). 
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 Dps is also induced in exponentially growing E. coli cells by treatment with low 
doses of hydrogen peroxide and this induction is regulated by OxyR and the σ70 
containing RNA polymerase holoenzyme (19). The OxyR protein is a member of the 
LysR family of transcriptional activators and binds to the promoters of the genes that it 
regulates, for example katG which encodes hydroperoxide I (HPI) catalase (20-22). Upon 
oxidation, OxyR activates the transcription of these genes and it therefore functions as an 
oxidative stress signal during log phase growth (23-25). Although OxyR is present in the 
stationary phase, induction of Dps by OxyR happens only during exponential growth. 
The purified OxyR and IHF proteins were shown to bind the upstream region of the dps 
promoter region in vitro (19).  
There is a correlation between E. coli Dps expression and expression of at least 
three dozen other genes. Dps plays a significant role in various stress responses, 
especially protection from oxidative damage (18,26).  It has been shown to protect cells 
from oxidative stress during exponential-phase growth. In addition, E. coli mutants 
lacking the dps gene fail to develop starvation-induced resistance to hydrogen peroxide 
and show an altered pattern of protein synthesis (18). It has also been shown that in the 
presence of Dps, the number of DNA strand breaks and mutagenic base damage 
introduced by H2O2 is reduced in vivo (26).  
 In 24 hour starved E. coli cells that overexpress Dps, the protein binds to the 
chromosome and a toroidal Dps/DNA structure is observed, whereas after 48 hours a 
highly ordered and stable nucleoprotein complex called a biocrystal is formed (27-29). 
This crystalline assembly of the nucleoid is very distinct from the configuration of the 
exponential-phase nucleoid. The rapid formation of extremely stable DNA-Dps co-
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crystals was also observed in vitro by interaction between purified Dps and DNA (28). 
Dps exhibits significant structural homology to ferritin, a highly conserved iron-storage 
protein, and it possesses ferroxidase activity and the ability to chelate iron (30-35). 
During stationary phase Dps protects cells not only from oxidative stress but also from 
UV and gamma radiation, metal toxicity, thermal stress and acid or base shock (29,36-
38). The protective roles of Dps are most likely achieved by a combination of DNA-
binding and chromosomal compaction, ferroxidase activity, metal sequestration and 
regulation of gene expression. 
 Each Dps monomer adopts a four-helix bundle conformation resembling the 
monomeric ferritin. The protein oligomerizes to give rise to a hollow, spherical, 
dodecamer with a negatively charged inner surface. The outer surface of the protein is 
also negatively charged and exhibits no prototypical DNA binding domain (33,39). It has 
been shown through electron micrographs that Dps-DNA complexes in vitro form 
hexagonally packed two-dimentional arrays (28). A non-classical DNA-binding mode of 
Dps has been proposed that involves the pores present in the hexagonal arrays formed by 
the dodecamers (28,29). These pores harbor highly disordered lysine-rich N-termini from 
three neighboring dodecamers, providing a positively charged patch that can interact with 
DNA (33). Binding of Dps to DNA has also been proposed to promote interactions 
between Dps dodecamers within and between hexagonal planes resulting in the formation 
of layers of Dps with the DNA as a structural framework (27,40). The incorporation of 
DNA to the Dps-DNA complex does not compromise the hexagonal packing of the 
dodecameric protein. Instead, the pores in the complex are aligned in such a way that it 
can accommodate the next layer of DNA, resulting in layers of Dps with DNA threaded 
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through the pores. This kind of hexagonally packed three-dimentional arrays would result 
in compaction of the DNA molecule.  
 Deinococcus radiodurans encodes two proteins with homology to E. coli Dps, 
one of which (Dps-1) was shown to bind DNA in both its dimeric and dodecameric forms 
(41). Dps-1 has a lysine-rich N-terminal extension which is even longer than the N-
terminal extension present in E. coli Dps, and it is required for binding DNA (see Chapter 
2). I here examine the expression of dps-1 in D. radiodurans during different growth 
phases, and oxidative and nutritional stress conditions. The results indicate that unlike E. 
coli Dps, Dps-1 in D. radiodurans is expressed in stationary phase as well as in 
exponential phase.  It is also shown that over-expression of Dps-1 in E. coli results in the 
condensation of E. coli genomic DNA. Taken together, these data imply that Dps-1 might 
be involved in the formation of the DNA toroids in D. radiodurans.       
Experimental Procedures 
Stoichiometry of Dps-1 Binding 
Dps-1 was purified and characterized as described before (41). Oligonucleotides 
used to generate 22 bp DNA were purchased and purified by denaturing polyacrylamide 
gel electrophoresis. The sequence of 22 bp (average G+C content) DNA is available on 
request. The top strand was 32P-labeled at the 5'-end with phage T4 polynucleotide 
kinase. Equimolar amounts of complementary oligonucleotides were mixed, heated to 
90°C and cooled slowly to room temperature (23°C) to form duplex DNA. 
Electrophoretic mobility shift assays were performed using 10% polyacrylamide 
gels (39:1 (w/w) acrylamide:bisacrylamide) in 0.5x TBE. Gels were pre-run for 30 
minutes at 175 volts at room temperature before loading the samples with power on. 
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DNA and protein were mixed in a binding buffer containing 20 mM Tris-HCl pH 8.0, 
500 mM NaCl, 0.1 mM Na2EDTA, 1 mM dithiothreitol, 0.05% Brij58, 100 µg/ml of 
BSA. Each reaction contained 100 fmol of DNA in a total reaction volume of 10 µl 
([DNA]> Kd, stoichiometric condition). After electrophoresis, gels were dried and 
protein-DNA complexes and free DNA were quantified by phosphoimaging, using 
software supplied by the manufacturer (ImageQuant 1.1). The region on the gel between 
complex and free DNA was considered as complex to account for complex dissociation 
during electrophoresis. The percentage of complex formation was plotted against [Dps-
1]/[DNA] and fit to a smooth curve using the program KaleidaGraph. Tangents were 
generated from data points in the upward slope and in the plateau and the stoichiometry 
of Dps-1 complex formation was extrapolated algebraically. Experiments were carried 
out in triplicate. 
Intrinsic Fluorescence Measurements 
 
Fluorescence emission spectra from 300-500 nm were recorded on a Jasco FP-
6300 spectrofluorometer with an excitation wavelength of 295 nm at 25°C using a 0.5 cm 
pathlength cuvette. All experiments were performed with 0.18 mg/ml protein in 20 mM 
Tris-HCl, pH 8.0 and 400 mM KCl, unless stated otherwise. For fluorescence 
measurements of DNA/Dps-1 complex, the protein was mixed with 100 ng of supercoiled 
pGEM5 and equilibriated for 15 minutes before scanning. For Dps-1/Co2+ binding assay 
0.25 mg/ml protein was mixed with 4 µM CoCl2 and incubated for 5 minutes before 
scanning.  
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The corrected protein fluorescence at each wavelength (Fcorr(λ)) was obtained 
from the observed fluorescence by first correcting for the background fluorescence to 
obtain (Fc(λ)). Inner filter effects were then resolved by the following correction factor,  
   Fcorr(λ) = Fc(λ) X 10(Aex/2 + Aem/2) 
where Aex and Aem are the absorbances at the excitation and emission wavelengths, 
respectively (42). Fcorr(λ) is only reported for samples where both Aex and Aem are less 
than 0.2. In cases where Aex exceeds 0.2, fluorescence intensities were obtained by partial 
correction of the inner filter effect (Fpcorr(λ) ), 
   Fpcorr(λ) = Fc(λ) X 10(Aem/2) 
DNA Cyclization  
Plasmid pET5a was digested with BspHI to yield a 315 bp fragment, which was 
purified on a 2% agarose gel. The DNA fragment was 32P-labeled at the 5'-end with 
phage T4 polynucleotide kinase. Ligase mediated DNA cyclization experiments were 
carried out with varying protein concentrations. Reactions were initiated by addition of 
80 units of T4 DNA ligase to a final volume of 10 µl.  Reactions containing 10-100 fmol 
DNA and the desired concentration of Dps-1 were incubated in 1X binding buffer with 
200 mM NaCl and 1X ligase buffer at room temperature for 60 minutes. Formation of 
circular ligation product was confirmed by the addition of 1 µl of Exonuclease III 
followed by 10 minutes of incubation at room temperature.   Reactions were terminated 
using 3 µl of 10% SDS followed by phenol-chloroform extraction and ethanol 
precipitation. Reactions were analyzed on a 8% polyacrylamide gel (39:1 (w/w) 
acrylamide:bisacrylamide) with 0.5x TBE as running buffer. After electrophoresis, gels 
were dried and ligation products were visualized by phosphoimaging. 
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Plasmid DNA Ligation 
Ligation reactions were carried out with plasmid pET5a linearized with EcoRI. 
Reactions were initiated by addition of 200 units of T4 DNA ligase to a final volume of 
10 µl. One hundred ng of DNA was incubated in 1X ligase buffer and 200 mM NaCl at 
room temperature for 60 minutes in the absence or presence of 1.3 pmole of Dps-1. 
Reactions were terminated with 10 µl of 75 mM EDTA, 6 mg/ml proteinase K, 15% 
glycerol, 1% SDS, bromophenol blue and xylene cyanol, followed by a 30 minutes 
incubation at 55°C. Ligation products were resolved on 1% agarose gels in 0.5x TBE 
buffer at 110 volts for 2.5 hours. Gels were stained with ethidium bromide.     
Bacterial Strains, Plasmids, Media and Growth Conditions 
 The bacterial strains and plasmids used for the promoter derived reporter gene 
assay are listed in Table 3.1. D. radiodurans R1 was grown at 30°C in TGY broth (0.5% 
tryptone, 0.3% yeast extract, 0.1% glucose) or on TGY agar plates prepared by addition 
of 1.5% agar to TGY broth (43). E. coli strains were grown in Luria-Bertani broth or on 
Luria-Bertani agar (1.5% agar) plates at 37°C. When necessary, media was supplemented 
with appropriate antibiotics. Ampicillin was used at 50 µg/ml for E. coli. 
Chloramphenicol was routinely used at 3 or 1.5 µg/ml for D. radiodurans R1 grown on 
solid and liquid TGY, respectively. Studies on actively growing bacteria (exponential 
phase) were conducted on cultures grown for 6 to 8 hours (A600 0.2–0.3) and stationary 
phase cells were grown for 48 hours following onset of the stationary state. 
The putative 104 bp promoter region of the dps-1 gene (DR2263) was amplified 
from D. radiodurans R1 genomic DNA. Primers dps-1-pmt-fw (5'-
GCTGGGCGCAGATCTAAGTTAG-3') and dps-1-pmt-rv (5'-
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CATGAACGAGATCTACGCCGG-3') were designed according to the genomic DNA 
sequence available at TIGR database and modified to introduce BglII sites at both ends of 
the PCR product (underlined in the primer sequences). Digestion of the PCR product with 
the restriction enzyme BglII  yielded a 83 bp putative promoter fragment that was then 
cloned into the BglII site upstream of the β-galactosidase (lacZ) gene of plasmid 
pRADZ1 to generate pRADZ6 and pRADZ7 (with the promoter in the forward or reverse 
orientation), respectively. The integrity of the constructs was confirmed by sequencing.   
Table 3.1 Bacterial strains and plasmids 
________________________________________________________________________ 
Strain or plasmid                                                                             Reference and/or source 
________________________________________________________________________ 
      E. coli                   JM109       (44); Promega 
              
           TOP10       Invitrogen 
  
D. radiodurans R1     Wild-type strain 
 
Plasmids 
     pRADZ1                E. coli-D. radiodurans shuttle vector                              (43)                
           carrying lacZ gene 
 
     pRADZ6                pRADZ1 carrying the putative dps-1 promoter           This study 
      
     pRADZ7            Like pRADZ6 but reverse orientation of dps-1            This study 
promoter fragment 
________________________________________________________________________ 
  
Transformation of Plasmids 
 Plasmids pRADZ1, pRADZ6 and pRADZ7 were transformed into E. coli Top10 
cells by the heat-shock method. D. radiodurans R1 were transformed by the Calcium 
chloride method (45). CaCl2 solution was added to exponentially growing D. radiodurans 
R1 culture to a final concentration of 30 mM. The culture was then incubated at 30°C for 
80 minutes. Next 1 µg of plasmid DNA was added to 1 ml of cell culture and the mixture 
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was incubated on ice for 30 minutes. The transformation mixture was then diluted 10-fold 
with TGY broth and incubated for another 18 hours at 30°C. Transformants were selected 
on TGY agar plates containing 3 µg/ml of the antibiotic chloramphenicol. 
β-galactosidase Assay     
 Expression of the lacZ reporter gene in E. coli and D. radiodurans R1 colonies 
was detected on LB or TGY agar plates using 40 µg of X-Gal per ml. Quantitative 
analyses of lacZ expression were carried out according to Meima et al. (46). β-
galactosidase activity was measured in toluene-permeabilized D. radiodurans R1 cells as 
follows. Cells were harvested by centrifuging 500 µl culture at 13.2 X 1000 rpm for 4 
minutes while measuring OD600. The cell pellets were subsequently resuspended in 500 
µl Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4) 
supplemented with DTT (1 mM), lysozyme (25 µg/ml) and DNase I (50 ng/ml). After 
incubation for 30 minutes at 37°C, 20 µl of toluene was added. After the suspensions 
were incubated at 37°C for another 60 minutes, 100 µl aliquots were removed to measure 
β-galactosidase activity. One hundred µl of 4 mg/ml o-nitrophenyl β-D-galactopyranoside 
(ONPG) was added to each of the aliquots to begin the β-galactosidase reaction which is 
indicated by the appearance of yellow color. The reaction was stopped by the addition of 
250 µl of 1 M NaCO3. The cell debris was removed by centrifugation at 13.2 X 1000 rpm 
for 10 minutes and the absorbance of the supernatant was measured at the wavelengths of 
420 and 550 nm. β-galactosidase activity was measured using the Miller equation: [A420-
(1.75 X A550)/rxn time(min) X OD600] X 1000. Activity was reported relative to the 
activity of pRADZ1.   
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DNA Isolation    
Plasmid DNA from E. coli was obtained using the GenElute plasmid miniprep kit 
(Sigma). Plasmid DNA from D. radiodurans R1 was also isolated using GenElute 
plasmid miniprep kit with the following modification. The resuspension buffer was 
supplemented with 10 mg/ml lysozyme and 5 µg/ml of proteinase K and the cell 
suspension was incubated at 50°C for 30 minutes, followed by 5 minutes at 0°C and 1 
minute at 100°C, before addition of the lysis buffer. 
DAPI Staining  
Plasmid pET5a-dps1 (pET5a harboring the dps-1 gene) was transformed into E. 
coli BL21(DE3)pLysS and overexpression of Dps-1 was induced with 1mM isopropyl-
beta-D-thiogalactopyranoside (IPTG) at an A600 of 0.2. At 2 hours after induction, 5 µl 
samples were removed from each of the following cultures growing at 37°C with 
shaking: BL21(DE3)pLysS, BL21(DE3)pLysS expressing Dps-1 from pET5a-dps1, 
BL21(DE3)pLysS harboring pET5a-dps1 plasmid where Dps-1 expression had not been 
induced.  The samples were spread on glass slides that had been coated with a 10 µg/ml 
solution of poly-L-lysine in water to promote adhesion of the cells and allowed to air dry 
at room temperature. Immediately before observation, 5 µl of a 5 µg/ml solution of 4’, 6-
diamidino-2-phenylindole (DAPI) in water was dropped on the sample and a coverslip 
was placed on the top. Nucleoid morphology was observed under immersion oil in a 
Leica DM RXA2 microscope (magnification, X 100) equipped with an A4 (UV) filter. 
Photomicrographs were taken using SensiCam QE camera (Cooke Corporation) and 
SlideBook digital microscopy software 4.1 (Intelligent Imaging Innovations Inc.) 
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Transmission Electron Microscopy (TEM) 
 Plasmid pET5a-dps1 (pET5a harboring the dps-1 gene) was transformed into E. 
coli BL21(DE3)pLysS and overexpression of Dps-1 was induced with 1mM  IPTG at an 
A600 of 0.2. At 2 hours after induction, samples were removed from each of the following 
cultures growing at 37°C with shaking: BL21(DE3)pLysS, BL21(DE3)pLysS expressing 
Dps-1 from pET5a-dps1, BL21(DE3)pLysS harboring pET5a-dps1 plasmid where Dps-1 
expression had not been induced. Bacteria were fixed with a solution of 2% 
glutaraldehyde, 1% formaldehyde in 0.1M cacodylate buffer, pH 7.0, for 45 min and then 
rinsed five times in 0.02M glycine in 0.1M cacodylate buffer over a 3 hour period. The 
cells were post-fixed in 2% osmium tetroxide for 1 hour, then rinsed briefly in water and 
en bloc stained with 0.5% uranyl acetate for 1 hour in the dark. The cells were then rinsed 
briefly in water and dehydrated overnight with an ethanol series; infiltrated with 1:1 
ethanol:LR White embedding resin for 1 hour and then 100% resin for 1hr; embedded in 
resin at 60°C. Finally, the bacteria were sectioned and stained with Reynolds lead citrate 
and imaged with a JEOL 100CX Transmission electron microscope. 
Growth Curve 
Overnight cultures of E. coli BL21(DE3)pLysS harboring pET5a-dps1 were 
diluted 1:500 into fresh LB medium and incubated at 37°C with shaking. At an OD600 of 
0.2, the culture was split in two and in one culture, Dps-1 expression was induced with 
1mM IPTG. The cultures were grown at 37°C with aeration and optical density at 600 nm 
was determined every 30 minutes for 6 hours. At each time point, cells were also 
harvested from 1 ml culture by centrifuging at 13.2 X 1000 rpm and stored at -80°C. 
Overexpression of the protein was confirmed by analyzing the cell extract on a 15% 
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SDS-PAGE gel stained with Coomassie blue. The Growth curve was plotted using 
GraphPad Prism 4.0. 
Results 
Dodecameric Dps-1 Engages Multiple DNA Sites 
Dodecameric Dps-1 is expected to engage multiple DNA sites to promote the 
formation of large DNA-protein aggregates, detectable as complexes that are unable to 
enter the gel (41). It has been shown that optimal DNA binding by of Dps-1 requires 22 
bp DNA duplex while interaction with shorter duplexes results in a significantly lower 
affinity (see Chapter 2). Hence to determine the number of DNA binding sites for Dps-1, 
22 bp DNA was titrated with dodecameric Dps-1 under stoichiometric conditions ([DNA] 
> Kd) (Figure 3.1(a)). When the percentage of complex formation was plotted against 
[Dps-1]/[DNA] and tangents were drawn in the upward slope and the saturation plateau, a 
break point was observed reflecting saturation of Dps-1 at a protein to DNA ratio of 
0.16:1, i.e., a 6.25-fold molar excess of DNA is required to saturate the protein (Figure 
1.3(b)). This is consistent with the reported mode of DNA interaction by dodecameric 
Dps-1 that involves interaction of two metal-anchored N-terminal extensions in 
consecutive DNA major grooves, suggesting that each Dps-1 dodecamer would have six 
potential binding sites for DNA (see Chapter 2). 
Fluorescence Spectra of Dps-1  
Measurement of DNA binding of Dps-1 with 22 bp or longer duplex revealed 
positive cooperativity, likely reflecting conformational changes in the protein upon DNA 
binding ((41) and Chapter 2). The intrinsic fluorescence of apo-Dps-1, core-containg 
Dps-1  and  dimeric Dps-1 (where  apo-Dps-1  and  core-containing  Dps-1 refer to Dps-1  
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Figure 3.1 Dps-1 binding to DNA. (a) Stoichiometric titration of dodecameric Dps-1 
with 10 nM 22 bp DNA. Protein concentrations are 0-6 nM. (b) Stoichiometry of 
DNA/Dps-1 complex formation.  
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without a mineralized iron core and Fe-loaded Dps-1, respectively) was measured to 
monitor the protein conformational changes upon DNA binding. There are two 
tryptophan residues present in the first helix (helix A) and fourth helix (helix D) of the 
four-helix bundle monomer of Dps-1 (Trp84 and Trp195, respectively), indicating that 
any changes in intrinsic fluorescence would largely report on an altered environment of 
tryptophan residues located in the body of the protein (39).  
The intrinsic fluorescence spectrum of apo-Dps-1 is characterized by two 
emission maxima at 330 nm and 338 nm upon excitation at 295 nm (Figure 3.2(a) dotted 
line). Addition of DNA to the reaction changed the second emission maximum of the 
protein from 338 nm to 339 nm (Figure 3.2(a) solid line) and resulted in a difference in 
the intensity of the fluorescence around the second emission maximum, suggesting the 
environment of at least one of the tryptophan residues differs in the DNA/Dps-1 complex. 
The intrinsic fluorescence spectrum of core-containing dodecameric Dps-1 (excitation 
wave length 295 nm) is characterized by two emission maxima at 331 nm and 340 nm 
whereas dodecameric Dps-1/DNA complex exhibits emission maxima at 329 nm and 338 
nm (Figure 3.2(b)).  Accordingly, the shape of the peak of the second emission maximum 
(at 340 nm for protein only and 338 nm for protein-DNA complex) exhibits a significant 
difference between these two spectra indicating an altered environment of the tryptophan 
residues of dodecameric Dps-1 upon DNA-binding. There is a very significant increase in 
the absorbance of the core-containing protein after addition of DNA to the reaction (data 
not shown). The dramatic decrease in the intensity of the entire fluorescence spectrum 
may reflect changes or loss of the core upon DNA binding. Figure 3.2(c) shows intrinsic 
fluorescence spectrum  of  dimeric Dps-1 (dotted line). This fluorescence is quenched by  
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Figure 3.2 DNA-induced conformational changes in Dps-1. DNA-induced changes in 
the intrinsic fluorescence spectrum of apo-Dps-1 (a), Fe-loaded Dps-1 (b) and dimeric 
Dps-1 (c). The intrinsic fluorescence spectrum of the protein in the absence of DNA is 
represented as dotted line whereas the spectrum for the DNA-bound protein is shown as 
solid line. 
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addition of DNA (solid line), but there is no change in the wavelength or the shape of the 
peak of the emission maxima of dimeric Dps-1 upon DNA binding. This comparison of 
the intrinsic fluorescence spectra of apo-Dps-1, dodecameric Dps-1 and dimeric Dps-1 in 
presence or absence of DNA suggests different consequences of DNA binding for each of 
these proteins.  
The crystal structure of Dps-1 shows the presence of four metal-binding sites in 
the protein, including one near the N-terminal extension (39,47). This metal site is 
located at the outer surface of the dodecameric shell and is coordinated by the residues 
from a single protein subunit. In the crystal structure a Co2+ was reported to be 
coordinated at this site by three residues from the coiled N-terminus (Asp36, His39, and 
His50) and one from helix A (Glu55). It has been shown that occupancy of this metal site 
is required for the high-affinity DNA binding of dodecameric Dps-1 (see Chapter 2).  
The intrinsic fluorescence spectrum of Dps-1 was measured in the absence or 
presence of CoCl2 (excitation wavelength 280 nm) to see the conformational changes of 
the protein upon metal binding. As reported above, the intrinsic fluorescence spectrum of 
apo-Dps-1 exhibits two emission maxima at 330 nm and 338 nm (Figure 3.3(a), dotted 
line). Addition of CoCl2 to Dps-1 resulted in a significant quenching of the entire 
fluorescence spectrum of the protein (Figure 3.3(a), solid line). The latter spectrum 
exhibits a blue shift in the wavelength of maximal fluorescence intensity with emission 
maxima at 329 nm and 336 nm. The effect of Co2+ addition on the normalized 
fluorescence spectra (normalized to the fluorescence intensity maximum) of Fe-loaded 
Dps-1 was also studied, and similar to the apo-protein, a Co2+ induced blue shift in the 
wavelength   of   maximal   fluorescence   intensity   was   observed (Figure 3.3(b)). This  
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Figure 3.3 Cobalt-induced conformational changes in Dps-1. Cobalt-induced changes 
in the intrinsic fluorescence spectrum of apo-Dps-1 (a) and Fe-loaded Dps-1 (b). The 
intrinsic fluorescence spectrum of the protein is represented as dotted line whereas the 
spectrum for the protein in the presence Co2+ is shown as solid line.  
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suggests a change in the environment of the tryptophan residues present in the body of 
the protein upon binding of Co2+.   
Dps-1 Restricts Cyclization of Short DNA Fragments by T4 DNA Ligase 
The ability of Dps-1 to bend DNA was previously assessed using a cyclization 
assay in which DNA shorter than the persistence length was cyclized with T4 DNA 
ligase. Dps-1 was unable to cyclize 105 bp DNA in the presence of T4 DNA ligase (see 
Chapter 2). The proposed lattice-like organization of DNA-Dps-1 suggests that DNA will 
not wrap about a single protein dodecamer, consistent with the lack of cyclization 
observed with 105 bp DNA. This mode of DNA-Dps-1 interaction may also prevent 
cyclization of longer DNA duplexes. Ligase mediated cyclization assay was therefore 
performed with a longer 315 bp DNA which can cyclize in the presence of T4 DNA 
ligase without the help of any DNA bending protein. Dps-1 did not facilitate formation of 
circles with 315 bp DNA, instead it inhibited the cyclization reaction. Accordingly, 315 
bp DNA can form minicircle in the absence of Dps-1 but no DNA circles were observed 
when Dps-1 was present in the reaction at a concentration range of 1 nM to 200 nM 
(Figure 3.4(a)). Notably, ligation of linearized plasmid pET5a by T4 DNA ligase was not 
inhibited by addition of 1.3 pmole of Dps-1 that is more than sufficient to saturate the 
free DNA ends (130 nM protein to 7.6 nM DNA ends) (Figure 3.4(b), lane 3). It has been 
shown that Dps-1 binds to dsDNA with very high affinity (Kd ~ 0.4 nM) ((41) and 
Chapter 2). If Dps-1 binds as well or preferentially to DNA ends compared to the duplex 
there would have been a complete inhibition of the plasmid DNA ligation. This confirms 
that Dps-1 does not merely bind to the DNA ends, thus preventing formation of ligation 
products. The  fact  that  Dps-1 does  not  bind  to  the DNA ends is also supported by the  
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Figure 3.4 DNA end joining in the presence of Dps-1. (a) Dps-1 inhibits cyclization of 
315 bp duplex DNA by T4 DNA ligase. Lane 1, 315 bp DNA alone; Lane 2 shows 
formation of mini-circles (as indicated) after incubation of the DNA with ligase. Circular 
DNA was confirmed by its resistance to digestion with Exonuclease III. Lanes 3-6 shows 
DNA incubated with ligase and increasing concentrations (1, 10, 100, 200 nM) of 
dodecameric Dps-1. (b) Ligation of linearized plasmid DNA in the presence of Dps-1. 
Lane 1, linearized pET5a without the ligase, Lane 2, DNA after ligation in the absence of 
Dps-1, Lane 2, DNA after ligation in the presence of 1.3 pmole of Dps-1, Lane 4, DNA 
and Dps-1 in the absence of ligase. 
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observation that it binds ssDNA with ~200-fold lower affinity compared to dsDNA (see 
Chapter 2). 
Overexpression of Dps-1 Affects Nucleoid Structure of E. coli 
During stationary-phase growth E. coli cells expressing Dps form a highly 
ordered biocrystal, whereas the nucleoid in dps mutants exhibits a highly stable, gel-like 
cholesteric phase (28,48,49). To study whether Dps-1 is involved in genomic DNA 
condensation, the nucleoid morphology of E. coli recombinants expressing plasmid-borne 
Dps-1 was observed under the microscope. Nucleoid morphology of E. coli recombinants 
not expressing Dps-1 and the parental BL21(DE3)pLysS cells were also observed as 
control. Under conditions of Dps induction, Dps levels were several fold higher in the 
induced cells than in the non-induced cells (see below). DAPI staining of the control cells 
showed normal nucleoid morphology, i.e., highly decondensed chromosome or 
amorphous condensed nucleoid (Figure 3.5(a)) and (b)), whereas cells overexpressing 
Dps-1 exhibited visible overcondensation of chromosomal DNA in the midcell (Figure 
3.5(c))    
Similarly, transmission electron micrographs of E. coli recombinants expressing 
plasmid-borne Dps-1 look significantly different from those of  E. coli recombinants not 
expressing Dps-1 or the parental BL21(DE3)pLysS cells. The chromatin structure in the 
electron micrographs of BL21(DE3)pLysS cells is demarcated as amorphous ribosome-
free spaces that are irregularly spread over the entire cytoplasm (the dark particles are 
ribosomes) (Figure 3.6(a) and (b)). This kind of extensive and random distribution of 
chromatin is consistent with a state of high metabolic activity and ongoing DNA 
transaction  processes  in  these  cells. A  strikingly  different  morphology  is observed in  
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Figure 3.5 Nucleoid morphology of E. coli overexpressing Dps-1. Photomicrographs of 
exponentially growing E. coli cells not harboring the plasmid pET5a-dps-1 (a) or 
carrying uninduced pET-5a-dps-1 (b). (c) E. coli cells grown for 2 hours after Dps-1 
induction from pET-5a-dps-1. Cells were stained with DAPI and images were taken as 
described in materials and methods. 
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Figure 3.6 Transmission electron micrographs of E. coli overexpressing Dps-1. The 
dark particles are ribosomes; ribosome-free spaces contain chromosome. Electron 
micrographs of exponentially growing E. coli cells not harboring plasmid pET-5a-dps-1 
(a) or carrying uninduced pET-5a-dps-1 (b). (c) Electron microscopy of E. coli cells 
grown for 2 hours after Dps-1 induction from pET-5a-dps-1. 
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BL21(DE3)pLysS cells expressing Dps-1. In these cells a lighter area, from which the 
ribosomes are mostly excluded, is observed around the center of the cytoplasm (Figure 
3.6(c)). Observance of this lighter area in the midcell, along with the DAPI staining, 
suggests massive DNA segregation within this region.  
Dps-1 Overexpression in Actively Growing E. coli Leads to Rapid Loss of Viability 
To study the effect of Dps-1 induction on the bacterial survival, growth of E. coli 
cells expressing Dps-1 from plasmid pET-5a-dps1 was monitored by measuring A600  
over a 9-hour period (Figure 3.7(a)). Growth of E. coli cells harboring the plasmid pET-
5a-dps1 without Dps-1 induction was also monitored as control. Dps-1 expression was 
induced with 1 mM IPTG just after the culture has entered the actively growing state 
(A600 = 0.2). The induced cells have clearly expressed Dps-1 during the growth period 
studied (Figure 3.7(b), even lanes). For cells expressing Dps-1, a significant growth 
retardation is observed within 2 hours of induction (Figure 3.7(a), solid line). At 2 hours 
after induction, OD600 of the non-induced cells was more than double compared to that of 
the induced cells. Growth of the cells expressing the protein sharply decreases 3 hours 
after induction indicating cell death. This is in agreement with the severe chromosome 
compaction observed by DAPI staining and TEM in E. coli cells that overexpress Dps-1.  
In vivo Analysis of Dps-1 Expression 
 Dps-1 was identified in E. coli as a starvation inducible DNA-binding protein 
(18). The amount of Dps protein present in the stationary phase is about 30 times higher 
than the amount present in the exponential phase (26,50). E. coli Dps is also upregulated 
under conditions of nutritional and oxidative stress (19,51). Growth phase and the 
environment-dependent    variation   of    Dps-1   expression   in   D.   radiodurans   were  
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Figure 3.7 Effect of Dps-1 overexpression on the growth of E. coli. (a) Growth of E. 
coli cells harboring the plasmid pET-5a-dps-1 was monitored by reading A600. The arrow 
marks the growth point where the cells were induced with 1mM IPTG to express 
plasmid-borne Dps-1. (b) Aliquots of the E. coli cell cultures were removed every half an 
hour after the induction and total protein from the cell lysate was subjected to 15% SDS-
PAGE analysis. Samples in odd lanes were collected from uninduced culture whereas 
samples in even lanes were collected from the E. coli culture that was induced with IPTG 
to overexpress Dps-1 
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investigated using a shuttle vector (pRADZ1) for E. coli and D. radiodurans (43). A 
putative 83 bp promoter fragment of the D. radiodurans dps-1 gene was fused upstream 
of the lacZ reporter gene present in pRADZ1 (resulting plasmid pRADZ6) and the 
amount of lacZ expression was determined by measuring the β-galactosidase activity 
from this translational dps-1pmt-lacZ fusion construct. β-galactosidase activity was also 
measured from D. radiodurans harboring plasmids pRADZ1 and pRADZ7 (dps-1 
promoter in reverse orientation upstream of lacZ). The activity of pRADZ6 and pRADZ7 
is reported relative to that of pRADZ1. In both exponential and stationary phases, β-
galactosidase activity for pRADZ6 was significantly higher compared to that of pRADZ1 
and pRADZ7 (Figure 3.8(a)). The level of β-galactosidase activity observed in the 
stationary phase cells was less compared to the β-galactosidase activity obtained from 
actively growing cells. PCR amplification of pRADZ6 present in the same number of D. 
radiodurans cells collected at different growth phases indicates that the reduced amount 
of β-galactosidase activity is due to a reduced copy number of the plasmid in stationary 
phase (data not shown). Evidently, in contrast to E. coli Dps, the dps-1 promoter supports 
Dps-1 expression at a high, constitutive level throughout the deinococcal growth phase. 
To study the influence of oxidative stress on Dps-1 expression, 10 mM H2O2 was 
added to log-phase and stationary phase D. radiodurans cells harboring the above 
mentioned plasmids. Cells were collected 5 minutes, 30 minutes and 1 hour after the 
addition of H2O2 and β-galactosidase activity was monitored. As shown in Figure 3.8(b), 
the β-galactosidase activity from the dps-1pmt-lacZ fusion showed increased expression 
upon addition of H2O2 in the stationary phase but no significant change in the expression 
was observed upon addition of H2O2 in the exponential phase. Notably, this change in β-  
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Figure 3.8 Analysis of dps-1 promoter expression in D. radiodurans. (a) Expression of 
β-galactosidase activity by lacZ (plasmid pRADZ1) and dps-1pmt-lacZ fusion constructs 
(plasmids pRADZ6 and pRADZ7) in log phase (solid black bars) and stationary phase 
(cross-hatched bars) cells. The error bar indicates the S.D. value from five experiments. 
(b) Expression of dps-1 promoter, measured by the lacZ expression, in the absence (solid 
black bars) or presence (patterned bars) of 10 mM H2O2. Growth phase of the cells are 
indicated at the bottom. The error bar indicates the S.D. value from three experiments. (c) 
Time-course analysis of dps-1 promoter expression in log phase cells in the absence 
(solid black bars) or presence (cross-hatched bars) of 1 mM ferrous ammonium sulfate. 
The error bar indicates the S.D. value from three experiments. 
 88
                         
 89
galactosidase activity in stationary phase cells in the presence of H2O2 was observed only 
with cells that were collected 5 minutes after the addition of H2O2.  
 It has been shown that Halobacterium salinarum DpsA is upregulated in the 
presence of certain transition metals including Fe2+(52). Also, E. coli dps mutants are 
more sensitive to ferrous iron treatment (38). To investigate whether Dps-1 expression is 
upregulated in the presence of iron, D. radiodurans cells carrying the dps-1pmt-lacZ 
fusion plasmid was treated with 1 mM ferrous ammonium sulfate for different time 
periods. As shown in Figure 3.8(b), addition of Fe2+ caused a significant increase in dps-
1pmt-lacZ expression in the cells that were collected within 7 minutes of iron treatment. 
However, no effect of iron treatment on the expression from the dps-1 promoter was 
observed when cells were collected 30 minutes or 1 hour after the iron addition.     
Discussion 
DNA and Ligand Binding Induces Conformational Changes in Dps-1  
 N-terminal deletion mutants of Dps-1, Dps-dn (lacking 55-amino acids) and Dps-
met (lacking the 33-residue flexible N-terminus) fail to bind DNA suggesting that like E. 
coli Dps, interaction of Dps-1 with DNA requires extended N-terminal tails and that the 
main body of the protein has little contribution to its DNA binding activity in absence of 
the N-terminal extensions (see Chapter 2) (40). Quantification of complex formation of 
dodecameric Dps-1 with 22 bp, to which Dps-1 binds with optimal affinity, or longer 
DNA reveals a positive cooperativity of binding; fits of  the data to the Hill equation 
yields a Hill coefficient (n) of  > 1 and a half-maximal saturation of  ~0.4 nM. By 
contrast, binding of 18 bp DNA, to which Dps-1 binds poorly, binds without 
cooperativity (n ~ 1) ((41) and Chapter 2). As dodecameric Dps-1 has multiple DNA 
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binding sites (Figure 3.1), the positive cooperativity likely reflects changes in the protein 
conformation upon DNA binding that promote association of additional DNA molecules.  
Structural changes of Dps-1 upon DNA binding are consistent with the intrinsic 
fluorescence spectrum of the protein in the presence or absence of DNA. There are two 
tryptophan residues present in Dps-1; Trp84 is located at the end of helix A whereas 
Trp195 resides almost near the C-terminus. The relative intensities of two peaks, 
representing two tryptophan residues, in the intrinsic fluorescence spectrum of the 
dodecamer is different than the relative intensities of two peaks present in the 
fluorescence spectrum of the dimeric protein (Figure 3.2, compare dotted lines in (a), (b) 
and (c)). This difference may be due to the fact that Trp195 present in the dimer is 
exposed to the solvent whereas in the dodecamer, this tryptophan residue is buried in the 
vicinal dimers and hence is less exposed. Trp84, on the other hand, is present near the 
dimer interface in both oligomeric forms. The decrease in the fluorescence intensity 
around the emission maxima upon DNA addition to dimeric Dps-1 may reflect distortion 
of the helices A and D to accommodate the DNA that changes environment of the 
tryptophan residues (Figure 3.2(c)). The change in the flurocence spectrum of 
dodecameric Dps-1 upon DNA binding also indicates that the environment of at least one 
of the tryptophan residues differs in the DNA-protein complex (Figure 3.2(a)).  
In case of core containing Dps-1, the drastic quenching of the entire fluorescence 
spectrum upon DNA binding is a result of the ~10 fold increase in the absorbance of the 
protein as DNA was added to the protein (Figure 3.2(b) and data not shown). The 
increase in absorbance may be due to the movement of the core from inside of the protein 
shell to outside through the exit channel suggesting that DNA binding to Fe-loaded Dps-1 
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may trigger the release of iron from the core. When both ds and ssDNA are present, Dps-
1 degrades the dsDNA more efficiently, indicating selective degradation of bound DNA 
as the protein has ~200-fold higher affinity for dsDNA compared to the ssDNA (data not 
shown). Notably, Trp195 is located in helix D that leads to the C-terminal loop in which 
Arg205 resides, and Arg205 is involved in coordination of the metal ion at the exit gate 
(39). After being exposed to DNA damaging agents deinococcal chromosomal DNA is 
degraded at the sites of the double-strand breaks, caused by the exposure, either to export 
damaged nucleotides from the cell or to generate regions of ssDNA to promote 
homologous recombination (53). The release of iron from the core upon DNA binding 
suggests that Dps-1 may be involved in this process of DNA degradation in vivo.     
  As seen in the crystal structure there are four possible binding sites for Co2+ in the 
Dps-1 monomer (39). From the fluorescence spectral data obtained upon addition of 
CoCl2 to the protein we can not conclude to which site in the protein the added Co2+ 
binds. But it has been shown that the binding of a cation to the N-terminal metal site is 
important for the high-affinity DNA binding observed in case of dodecameric Dps-1 (see 
Chapter 2) and also that binding of DNA results conformational changes in the protein. 
The Co-induced blue-shift in the fluorescence spectra of the protein may suggest that the 
occupancy of this site controls the orientation of the flexible N-terminus relative to the 
main body of the protein and hence facilitates high-affinity DNA interaction (Figure 3.3).  
Dps-1 May Promote DNA Compaction by Formation of Stacked Protein-DNA 
Layers 
 
Stoichiometric tritration of dodecameric Dps-1 with 22 bp DNA duplex revealed 
that a 6.25-fold molar excess of DNA is required to saturate the protein suggesting the 
presence of 6 binding sites in each dodecamer molecule where DNA can engage (Figure 
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3.1).  Most likely, these sites are present along the axis parallel to the dimer interface as 
other sites would involve curvature around the protein surface, which would be 
inconsistent with the observed inhibition of DNA cyclization by Dps-1 (Figure 3.4 and 
Chapter 2). The length of the dimer axis is also consistent with two turns of the DNA 
helix. The distance between two Ala32 at the base of N-terminal tails protruding from 
either end of a Dps-1 dimer is ~35 Å, consistent with two N-terminal extensions 
interacting with consecutive major grooves. Also, the disposition of the two Arg132 
present at the dimer interface indicates that they may serve as contact points with the 
negatively charged DNA backbone. Each dodecamer engaging multiple DNA sites is 
likely to be responsible, at least in part, for the formation of large DNA-protein 
aggregates detectable as complexes that are unable to enter the gel (41). This 
characteristic of Dps-1 along with very high DNA binding affinity and significant 
intramolecular cooperativity may play a major role in the condensation of genomic DNA.   
Upon Dps-1 induction, the E. coli chromosome undergoes a conformational 
transition from an apparently dispersed morphology into a condensed structure (Figures 
3.5 and 3.6). Nucleoids of growing cells are highly dynamic structures that undergo rapid 
and even continuous replication, translation, and translation.  The extent of nucleoid 
compaction at any given moment reflects a dynamic balance between macromolecular 
crowding that affects condensation and coupled transcription-translation processes that 
act as an expansion force. Early death of the E. coli cells expressing Dps-1 suggests that 
stabilization of the compact DNA morphology has progressively limited the 
transcription-translation processes leading to the cell death (Figure 3.7).  
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The involvement of Dps-1 in DNA packaging is further supported by the 
observation that the Dps-1 promoter drives expression of lacZ at a certain level 
throughout the growth which is quite different from E. coli Dps whose expression is 
drastically upregulated during the onset of the stationary phase (Figure 3.8(a)) (18,19). 
The reduced β-galactosidase activity from dps-1pmt-lacZ fusion in the stationary phase 
likely reflects a reduced copy number of the plasmid carrying the fusion construct (data 
not shown). This is similar to the fact that D. radiodurans harbors fewer genome 
equivalents in stationary state than that present in the exponential phase of growth (54). 
Oxidative stress by H2O2 had no inducible effect on the expression of Dps-1 promoter in 
exponential phase but it acts as a significant inducer in the stationary phase Deinococcus 
cells (Figure 3.8(b)). Also iron stress causes rapid induction of the protein within few 
minutes of the addition of the metal (Figure 3.8(c)). This rapid response suggests 
modulation of an existing protein as opposed to new protein synthesis. The Dps-1 
promoter contains a TTTg/aCC imperfect inverse repeat that might be the binding site for 
a putative regulatory transcription factor. Taken together, the expression pattern of Dps-1 
promoter suggests differential functions of Dps-1 inside the cell depending on the growth 
conditions.   
The inhibition of the cyclization of DNA fragments in the presence of Dps-1 
suggests a layered assembly of protein and DNA, similar to the proposed lattice-like 
organization of DNA and E. coli Dps, leading to DNA compaction (28,33,48). At the 
onset of the stationary phase, E. coli Dps is upregulated and induces formation of toroidal 
assemblies with the genomic DNA but no toroids were observed when Dps was 
overexpressed in actively growing E. coli suggesting that other factors also contribute in 
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the formation of toroids in the stationary bacteria (28). Similarly, D. radiodurans Dps-1 
may also play a role in assembly of the toroidal structures characteristic of the D. 
radiodurans genomic DNA (55,56). D. radiodurans accumulates very high level of 
intracellular manganese (57,58). Notably, D. radiodurans chromatin retains substantially 
higher amounts of Mn2+ than the chromatin of other bacteria (56). As Mn2+ can promote 
toroidal DNA condensation following dessication (59,60), regulation of Mn2+ by Dps-1 
under stress conditions may regulate the extent of DNA packaging and hence nucleoid 
morphology in D. radiodurans. 
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CHAPTER 4 
THE PRESENCE OF A DISTINCT IRON-EXIT CHANNEL IS 
RESPONSIBLE FOR THE CONTINUOUS RELEASE OF IRON 
FROM THE DEINOCOCCUS RADIODURANS DPS-1 PROTEIN 
CORE∗ 
 
Introduction 
The eubacterium Deinococcus radiodurans is best known for its unusual 
resistance to a wide range of DNA damaging agents including ionizing radiation, a 
resistance that has been proposed to exist as a consequence of its capacity to survive 
desiccation (1-3). Several hypotheses have been proposed to explain its efficient repair of 
DNA damage caused either by the direct effects of γ irradiation or by the reactive oxygen 
species (ROS) generated during irradiation, including a greater efficiency of standard 
DNA repair pathways, novel repair pathways, export of damaged DNA or recombination 
events facilitated by its ring-like nucleoid but the mechanisms underlying the radiation 
resistance are not fully understood (2,4-10). The resistance to γ irradiation and 
desiccation for different bacteria has been proposed to be correlated with their 
intracellular Mn/Fe concentration (11,12). Compared to radiation-sensitive bacteria D. 
radiodurans accumulates higher levels of intracellular manganese and maintains lower 
total iron content (11,12). D. radiodurans does not encode any ferritin-like iron-storage 
protein but there are two genes in its genome that encode for DNA-binding protein Dps 
(DNA protection during starvation). One of the Dps genes is encoded on chromosome 
1(designated Dps-1, corresponding to DR2263), while the other (designated Dps-2, 
corresponding to DRB0092) is encoded on megaplasmid MP1. 
                                                 
∗ Reprinted in part from Journal of Molecular Biology vol. 361. Copyright 2006, Elsevier Ltd 
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Dps are a family of prokaryotic proteins associated with oxidative stress 
responses.  The ROS H2O2 undergoes Fenton chemistry in the presence of Fe2+ to 
generate damaging hydroxyl radicals. Hence the detoxification of H2O2 and the 
sequestration of Fe2+ and its oxidation to Fe3+, which can not participate in the Fenton 
reaction, is an important mechanism for preventing oxidative damage to macromolecules. 
Identified initially in Escherichia coli, Dps protects DNA by suppression of Fenton 
chemistry by iron sequestration and also by its direct association with DNA (13-15). Dps 
also has an important function in compaction of the E. coli nucleoid (16). During 
exponential growth, E. coli Dps is upregulated on exposure to H2O2 by the transcriptional 
regulator OxyR, and in stationary phase, it is expressed at high levels via the alternative 
sigma factor σS and induces the formation of toroidal assemblies with the genomic DNA 
(17,18). 
Crystallographic studies of Dps proteins have revealed that secondary and tertiary 
structures of these proteins are very similar to that of the iron-storage ferritin family. 
Twelve copies of the Dps monomer form an assembly akin to the spherical shell formed 
by ferritins. Each of the 24 subunits of ferritin adopts a four-helix bundle conformation 
with a fifth helix laying at an angle of 60° relative to its axis, and each subunit harbors a 
highly conserved ferroxidase center that mediates oxidation of ferrous iron. Dps subunits 
adopt a similar structure, but the ferroxidase center lies at the interface between two 
subunits, with one reported exception (19-23). Dps oxidizes Fe2+ to Fe3+, and iron is 
deposited within the protein cavity as a hydrous ferric oxide mineral; direct surface 
oxidation of Fe2+ in the mineral core has been shown to proceed faster than ferroxidation 
at the ferroxidase center (24,25). Entry of iron into the Dps cavity is made possible by a 
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funnel-shaped three-fold symmetrical channel with negative electrostatic potential 
pointing toward the inside of the protein shell, a feature common to both Dps and ferritin 
(26,27). Negatively charged amino acids are distributed regularly around the channel to 
intensify the negative electrostatic force toward the cavity of the protein sphere 
(19,21,22). This charge gradient is so strong that escape of iron from the cavity through 
these channels is almost impossible. While iron can be recovered from ferritin or Dps in 
vitro by treatment with reducing agent and chelator or by partial unfolding (28), in vivo 
mechanisms of iron release from either ferritin or Dps are unknown. The mode of Dps-
interaction with DNA also remains largely unknown. Although it has been shown to 
involve the N-terminal extensions preceding the ferritin-like fold (19,29), the role of the 
positively charged residues or metal binding remains unclear.   
Dps-1, one of the Dps homologs from D. radiodurans has been characterized and 
was shown to bind DNA in both its dimeric and dodecameric forms (30). The N-terminal 
extension preceding the ferritin-like fold is required for the DNA binding. Notably, while 
dodecameric Dps-1 forms large assemblies with DNA as seen for other Dps homologs, it 
is functionally distinct because of its inability to afford efficient protection against 
hydroxyl radical-mediated DNA cleavage, an observation ascribed to the continuous 
release of Fe2+ from the dodecamer (30). This structure/function relationship was 
addressed recently, after the crystal structure of D. radiodurans Dps-1 was determined 
(26).  
The crystal structure contains one protein subunit (~177 residues) in the 
asymmetric unit and the rest of the Lys-rich N-terminus (~30 residues) is disordered 
(Figure 4.1) (26). Without  the  N-terminal   extension,  Dps-1  exhibits   32%    sequence  
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Figure 4.1 Folding of D. radiodurans Dps-1 and the dodecameric superstructure. (a) 
Ribbon diagram of monomeric Dps-1 with the four bound Co ions shown as four red 
balls. (b) The dodecameric superstructure constituted by crystal contacts. Each subunit is 
shown in a different color to show the symmetrical relationship (26).  
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identity to Listeria Dps and 26% identity to E. coli Dps (19,21). The residues involved in 
assembly of the ferroxidase center His83 from one subunit and Asp110 and Glu114 from 
another, are conserved, consistent with the reported ability of Dps-1 to ferroxidize Fe2+ 
(30). The residues involved in formation of the Fe(II) entry gate are also conserved. Iron 
entry channels consist mainly of negatively charged amino acid residues which create an 
increasing negative electrostatic potential gradient towards the inside of the dodecameric 
shell, similar to the other Dps homologs.  
In addition to these structural features common to the family members, an 
additional regulatory N-terminal metal binding site and a novel iron exit channel are 
revealed from the D. radiodurans Dps-1 crystal structure (26). The metal site at the N-
terminal is coordinated by residues from a single protein subunit and is located at the 
outer surface of the dodecameric sphere. Previous analysis of both E. coli and 
Lactococcus lactis Dps suggested that the N-termini of each of these proteins play an 
important role in DNA-binding, although the mechanistic details are yet to be 
investigated (14,29). The N-termini of D. radiodurans Dps-1 is essential for its complex 
formation with DNA. The N-terminal metal site may serve a regulatory function; binding 
of a cation to this site could perhaps control relative orientations of the N-terminus and 
the main body of the protein. 
Interestingly, a unique channel-like structure is seen in Dps-1 featuring another 
metal coordination site that results from a 3-fold symmetrical association of protein 
subunits generated by residues from the C terminus and α2 helices (26). This channel has 
a cap at the exit composed of a double layer of 3-fold symmetry-related Arg205 and 
Arg89 from each of three subunits, and a sulfate ion is buried between these two layers 
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(Figure 4.2(a-b)). Sulfate is introduced during crystallization and its incorporation in the 
structure is likely to be a crystallization artifact. The layer below the Arg-cap is 
hydrophobic, as it is formed by three symmetry-related phenyl rings from Phe90. At the 
final layer, close to the inner face of the dodecameric sphere, the metal ion is 
tetrahedrally coordinated by three symmetry related aspartates, Asp93 and one water 
molecule. This C-terminal pore is absent in ferritin and most of the other Dps homologs 
due to the differences in their amino acid sequences in this region. However, in 
Halobacterium salinarum Dps, three channels are formed along this symmetry axis 
which may serve as Fe2+ entry gates, while the entry gate otherwise shared among other 
Dps homologs is closed (22). 
Unlike Dps from other species, dodecameric D. radiodurans Dps-1 does not   
protect DNA from •OH-mediated DNA cleavage. Instead, reactive iron is continuously 
released and causes a rapid formation of •OH that results in oxidative degradation of 
DNA (30). The 3-fold symmetric amino acid arrangement and the structural nature of this 
C-terminal cavity cause a steep negative potential gradient as shown in Figure 4.2(c), left 
panel) (26). The outer opening is closed by the two Arg layers due to the buried sulfate 
(Figure 4.2(c), right panel). However, negatively charged residues from the C-terminus 
(Asp207) are distributed next to the Arg residues. Thus, without the sulfate, the Arg 
residues may rotate to interact with the doubly negatively charged C-terminus, leaving 
the channel open. These circumstances suggest the possibility that the new channel 
structure may define an iron exit gate responsible for the continuous release of iron from 
the protein core (26).  
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Figure 4.2 The Fe(II) exit channel formed by a 3-fold symmetry. (a) The residues 
involved in formation of the channel are represented in stereo. The 3-fold coordination of 
Co4 (Co ion at the exit channel) by Asp93 is shown. To indicate the direction of the 
channel IN and the exit is labeled OUT. The position of a sulfate ion plugging the 
channel is shown. (b) The channel-capping Arg residues and the sulfate ion are presented 
in stereo with a 2|Fo|-|Fc| electron density map contoured at 1.1σ levels. This view is 
generated by a 90° rotation of Figure 3a around an axis parallel to the plane. (c) The 
protein surface potentials of the exit gate channel. The channel is viewed from both the 
inside (left) and the outside (right) of the dodecameric sphere. Bound Co ions are shown 
as green balls. Negative charges are colored red and positive blue (26). 
  
 
 105
As described below, this interpretation is supported by substitution of residues 
involved in this ion coordination and the observation that the resultant mutant protein 
exhibits significantly attenuated iron-release. Therefore, our data confirms that D. 
radiodurans Dps-1 has a distinct iron-exit channel.  
Experimental Procedures 
Generation of Dps-1 Mutant and Protein Purification  
To introduce Arg92→Ile and Asp93→Ala substitutions in Dps-1, mutagenic PCR 
was performed by whole-plasmid amplification of plasmid bearing the Dps-1 gene and 
forward primer 5'-GGGGCCGCTTCTTCATTGCCCTG-3', designed to introduce the 
desired mutations (codons underlined) and reverse primer 5'-
GGATGTCCCAGTGGTACTTCTTG-3'. Mutant Dps-1 (Dps-1-no-exit) was expressed 
in E. coli BL21(DE3)pLysS with 1.0 mM isopropylthiogalactoside (IPTG) and purified 
to homogeneity using heparin agarose chromatography as described previously for the 
wild type protein (30). 
Crosslinking of Dps-1-no-exit 
The protein was crosslinked in a total volume of 10 µl in 10 mM Hepes, pH 7.8, 
500 mM NaCl with 0.1% glutaraldehyde at room temperature for 30 min. Reactions were 
terminated by addition of an equal volume of Laemmli sample buffer, and the crosslinked 
products were analyzed on SDS-PAGE gels followed by Coomassie Blue staining. 
Native Polyacrylamide Gel Electrophoresis  
The oligomeric state of Dps-1-no-exit was observed on 5% non-denaturing 
acrylamide gels. The gel recipe was same as the running gel of SDS-PAGE according to 
the method of Laemmli, excluding the presence of sodium dodecyl sulfate (SDS). The 
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electrophoresis was carried out in 375 mM Tris-HCl, pH 8.7 followed by Coomassie 
Blue staining.   
Iron Incorporation  
 Iron incorporation into the dodecameric protein shell was measured 
spectrophotometrically using an Agilent 8453 spectrophotometer. Iron-loaded 
dodecameric Dps-1 and Dps-1-no-exit was prepared by incubation of 0.4 mg ml-1 of apo-
protein with 90 µM ferrous ammonium sulfate for one hour, followed by purification by 
gel-filtration using Bio-spin 6 columns (BioRad). Introduction of an iron core was 
confirmed by absorbance spectra showing the characteristic absorbance at 300-400 nm.  
DNA Protection Assay 
 Protection of DNA from oxidative damage was measured by mixing 100 ng 
supercoiled pGEM5 plasmid with 4.3 pmol iron-loaded dodecameric protein (sufficient 
to saturate the DNA) in 10 µl of 25 mM Tris-HCl (pH 8.0) and 200 mM NaCl for 10 min 
in the presence or absence of 5 mM CaCl2. Where indicated, Fe(NH4)2(SO4)2 and H2O2 
were added at a final concentration of 150 µM and 10 mM, respectively, and the release 
of iron was allowed to proceed at room temperature for 20 min. Reactions were 
terminated with 2% glycerol and 0.7% SDS, and the entire reaction loaded onto a 1% 
agarose gel in 0.5XTBE (45 mM Tris-borate pH 8.3, 1 mM EDTA). Gels were stained 
with ethidium bromide after electrophoresis. 
Electrophoretic Mobility Shift Assays (EMSA)  
Oligonucleotides used to generate 26 bp short duplex DNA construct was 
purchased and purified by denaturing polyacrylamide gel electrophoresis. The sequence 
of 26 bp (average G+C content) DNA is available on request. The top strand was 32P-
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labeled at the 5'-end with phage T4 polynucleotide kinase. Equimolar amounts of 
complementary oligonucleotides were mixed, heated to 90°C and cooled slowly to room 
temperature (23°C) to form duplex DNA. 
EMSA were performed using 10% polyacrylamide gels (39:1 (w/w) 
acrylamide:bisacrylamide) in 0.5x TBE. Gels were pre-run for 30 minutes at 175 volts at 
room temperature before loading the samples with power on. DNA and protein were 
mixed in a binding buffer containing 500 mM NaCl and each sample contained 2.5 fmol 
of DNA in a total reaction volume of 10 µl. After electrophoresis, gels were dried and 
protein-DNA complexes and free DNA were visualised by phosphoimaging, 
Results 
To address the possibility that the novel channel structure formed at the 3-fold 
symmetry axes serves as an iron exit port, substitutions of Arg92→Ile and Asp93→Ala 
that destroy the coordination of the metal ion were performed. Two residues were 
simultaneously targeted to ensure disruption of the metal coordination. Residues were 
substituted according to the corresponding amino acid sequence of E. coli Dps 
(introducing Ile and Ala in place of Arg92 and Asp93, respectively), which is most 
homologous to D. radiodurans Dps-1, yet unable to sustain the Fenton reaction by 
release of iron. The mutant protein, Dps-no-exit, adopts a dodecameric structure as 
confirmed by glutaraldehyde-mediated crosslinking (Figure 4.3(a)). Further, mutant Dps-
1 migrates to the same position on native gels as wild type dodecameric Dps-1, 
previously shown by gel filtration to exist quantitatively as a dodecamer in solution 
(Figure 4.3(b)). Dps-1-no-exit is capable of ferroxidation of Fe2+ and the formation of a 
mineralized iron core, as confirmed by the diagnostic absorbance at 300-400 nm (Figure   
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Figure 4.3 Purified Dps-1-no-exit. (a)15% SDS-PAGE gel stained with Coomassie 
brilliant blue showing 1.5 µg of purified Dps-1-no-exit (lane 2). Lane 1, Molecular weight 
markers in kDa. (b) 8% SDS-PAGE gel showing glutaraldehyde-mediated crosslinking of 2.5 
µg of Dps-1-no-exit in the presence of 500 mM NaCl (lane 2). (c) 5% native gel showing 
oligomeric state of Dps-1-no-exit compared to Dps-1. Lane 1, BSA; lane 2, Dps-1; lane 3, Dps-1-
no-exit.   
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4.4). The Dps-1-no-exit/DNA association was visualized using 26 bp duplex DNA. The 
Dps-1-no-exit/ DNA complex is unable to enter the gel as seen for the dodecameric Dps-
1/DNA complex (Figure 4.5). These observations indicate that the mutations do not 
disrupt assembly of the spherical shell of the protein.   
As shown in (Figure 4.6), partial cleavage of supercoiled DNA with hydroxyl 
radical leads to formation of a relaxed species (lane 2; note that reaction conditions were 
explicitly selected not to result in complete DNA degradation). To compare the extent to 
which Dps-1 and mutant Dps-1-no-exit release iron that may generate DNA-damaging 
hydroxyl radicals, DNA was incubated with either protein in the absence of added iron. 
While incubation of supercoiled DNA with Dps-1 containing a mineralized iron core 
results in some DNA relaxation (lane 5), no DNA cleavage is evident when DNA is 
incubated with core-containing Dps-1-no-exit (lane 3). Addition of CaCl2 and H2O2 leads  
to only modest DNA cleavage in the presence of Dps-1-no-exit, while more extensive 
degradation is seen in the presence of wild-type Dps-1 (compare lanes 4 and 6). This 
observation indicated that the release of iron from the core is abrogated in Dps-1-no-exit 
and supports the hypothesis that the novel channel functions as the iron exit gate in D. 
radiodurans Dps-1. Whether Fe2+ or Fe3+ is released is presently not known; while Fe2+ 
would readily cause the generation of toxic hydroxyl radicals through Fenton chemistry, 
hydroxyl radicals have been previously shown also to form by reactions between H2O2 
and Fe3+, by mechanisms that are still under investigation. 
Discussion  
 E. coli Dps is upregulated in response to oxidative stress by the H2O2-sensitive 
transcriptional regulator OxyR and during starvation by the alternate sigma factor σS, and 
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Figure 4.4 Formation of a mineralized iron core by Dps-1-no-exit. Absorption 
spectrum of Dps-1-no-exit in the iron free (Apo- Dps-1-no-exit; dotted line) and iron-
loaded form (solid line). 
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Figure 4.5 DNA-binding by Dps-1-no-exit. Electrophoretic analysis of Dps-1-no-exit 
binding to 26 bp DNA. Complexes and free DNA are indicated at the right. Protein 
concentrations are 0-5 nM.   
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Figure 4.6 Cleavage of supercoiled DNA by hydroxyl radical in the presence of 
dodecameric Dps-1 and Dps-1-no-exit. Reactions contain 100 ng of supercoiled DNA 
without protein (lanes 1-2), with Dps-1-no-exit (Dps-1-ne; lanes 3-4) or with Dps-1 
(lanes 5-6). Reactions in lanes 4 and 6 contain 5 mM CaCl2 and 10 mM H2O2. Reaction 
in lane 2 contains 150 µM Fe(NH4)2(SO4)2 and 10 mM H2O2. The basis for the inclusion 
of Ca2+ is its ability to facilitate release of iron from the Dps-1 mineral core under certain 
circumstances. Supercoiled (S) and relaxed (R) DNA is identified at the left. 
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as a result, the genome adopts a toroidal structure (17,18). It is therefore tempting to 
speculate that D. radiodurans Dps-1 may play a significant role in assembly of the 
toroidal genome structure that is characteristic of this organism, even during exponential 
growth (6,31).  In Dps-1, the N-terminal extension which is the DNA-binding domain 
based on our previous analysis, is longer than in other homologs. Notably, the crystal 
structure reveals a unique metal-binding site within the N-terminal region which might be 
responsible for the observed high-affinity DNA binding of dodecameric Dps-1 (30). The 
metal bound at this site may predispose the orientation of the N-terminal relative to the 
dodecameric shell and thereby regulate association with DNA. As D. radiodurans has 
been shown to accumulate relatively high concentrations of Mn2+, it is conceivable that 
this ion serves to coordinate the N-terminal extensions in vivo (12). 
Perhaps the most unexpected feature of dodecameric Dps-1 is its failure to protect 
DNA from •OH-mediated degradation, otherwise a characteristic shared by all other Dps 
proteins, regardless of their ability to associate stably with DNA. Such protection is 
thought to occur as Dps proteins efficiently oxidize Fe2+ to Fe3+ which can not participate 
in the Fenton reaction. Although Dps-1 has ferroxidation activity in the presence of 
molecular oxygen, the rates are appreciably slower than those for other homologs, 
although the ferroxidation profile for Dps-1 is in accordance with the more rapid surface 
ferroxidation at the mineral core compared to the ferroxidase center, as seen for other 
Dps proteins (24,25,30). Secondly, continuous release of iron from dodecameric Dps-1 
was suggested to be responsible for the observed lack of protection from •OH-mediated 
DNA cleavage; notably, dimeric Dps-1 does protect DNA from •OH-mediated DNA 
degradation, consistent with the interpretation that it is the iron stored within the mineral 
 114
core that is released to participate in the generation of hydroxyl radicals (30). It is not 
known whether the metal sites on the protein surface are also occupied with iron, or 
indeed if other metal ions may be preferentially bound. Since release of iron, as measured 
by DNA damage, is not observed for dimeric Dps-1, release of iron from the N-terminal 
metal site, which is occupied only in dodecameric Dps-1 (see Chapter 2), could 
contribute to the observed DNA degradation, however, the fact that mutant Dps-1-no-exit 
exhibits different rates of DNA degradation argues against release of iron from surface 
sites, as Dps-1-no-exit is seen to exist as a dodecamer. The crystal structure of Dps-1 
offers a mechanistic explanation for these observations; unlike other Dps homologs, a 
second channel is observed in addition to the iron-entry pore that is shared among most 
homologs, a notable exception being H. salinarum DpsA in which the canonical iron 
entry channel is closed and the alternative channel appears to serve as the entry gate (22). 
In Dps-1, this second channel appears to serve as an exit port, allowing the facile release 
of iron, perhaps in response to charge differentials between the interior and exterior of the 
protein shell.  
It is not known whether Fe3+ or Fe2+ is released from the Dps-1 dodecamer. The 
crystal structure does not suggest an additional redox catalytic site, which might be 
required to reduce core Fe3+ if Fe2+ is released.  A possibility is that a reduction occurs 
near the event of release lest the protein should be damaged by reactive Fe2+ and/or Fe2+ 
should undergo futile cycles of reduction and oxidation inside the protein shell. Together 
with this rationale, it is noted from the crystal structure, the presence of 7 oxygen atoms 
that are located within a distance of 2.5 Å from the unusually coordinated metal ion at the 
exit pore (Figure 4.2(a)) (26). This site, whose structural characteristics provide no ion 
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selectivity, could perhaps be occupied by Mn2+, which is uniquely abundant in D. 
radiodurans and could readily reduce exiting Fe3+ to Fe2+ in vivo. These features are 
unique to Dps-1 and can not be generalized to other Dps proteins.  
In ferritin, dioxygen is used to concentrate iron for use in iron cofactors involved 
in different biochemical pathways like respiration, photosynthesis or nitrogen fixation. In 
contrast, bacterial Dps proteins use iron to detoxify dioxygen or peroxide to protect DNA 
from damage, and Dps proteins are upregulated in response to oxidative stress during 
exponential growth. Efficient detoxification of H2O2 occurs by its reaction with Fe2+ 
within the ferroxidase center, as H2O2 replaces molecular oxygen as a more efficient 
oxidant. D. radiodurans, compared to radiation-sensitive bacteria, accumulates very low 
intracellular concentrations of iron, yet it must respond to accumulation of damaging 
ROS, arising as a result of either metabolic changes or irradiation, by their rapid 
inactivation. Dps proteins bind two ferrous iron ions at the ferroxidase center for use as 
cofactors in the essentially concerted two-electron reduction of H2O2 to H2O, preventing 
the toxic one-electron transfer to yield hydroxyl radicals. This function might be 
compromised in the absence of iron, resulting in the potential accumulation of damaging 
ROS. The slow ferroxidation of Fe2+ by molecular oxygen combined with facilitated 
recycling of iron through its facile release from Dps-1 may serve as a homeostatic 
mechanism to generate an available supply of Fe2+ required for rapid detoxification of 
ROS or other cellular functions.    
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CHAPTER 5 
 
SUMMARY AND CONCLUSION 
 
Dps (DNA protection during starvation) proteins play an important role in cellular 
responses to oxidative stress. Dps proteins are also referred to as mini-ferritins because 
they are composed of 12 identical subunits as opposed to the 24 subunits that generate 
maxi-ferritins (Figure 1.1(b) and Figure 1.2(b)) (1-8). Almost all Dps homologs have a 
highly conserved ferroxidase center at the interface between two four-helix bundle 
monomers that can oxidize iron in the presence of molecular oxygen or hydrogen 
peroxide (Figure 1.3(b)) (4). This ferroxidation reaction ultimately leads to the deposition 
of an iron mineral core within the hollow, spherical protein shell (9). In this way, Dps 
proteins can protect cellular macromolecules from hydroxyl radicals generated from the 
interaction of Fe2+ with H2O2 through the Fenton reaction (10). Many members of the 
Dps protein family are able to bind DNA, which generally involves an extended N-
terminus preceding the four-helix bundle monomer (2,11,12). Dps proteins contain no 
prototypical DNA-binding motifs and are dominated by negative charges (2).  
Two Dps homologs have been identified from the mesophilic eubacterium 
Deinococcus radiodurans that is best known for its unusual resistance to DNA-damaging 
agents (11). Both of these Dps homologs are characterized by long N-terminal 
extensions, predicting their ability to bind DNA. To delineate the mode of DNA 
interaction by a member of the Dps protein family for the first time, I initiated DNA-
binding studies with Dps-1, the D. radiodurans encoded Dps homolog most closely 
related to E. coli Dps. I have also looked at the oligomerization properties of Dps-1, 
 119
contributed to the analysis of iron-release by Dps-1, and explored its ability to contribute 
to formation of the toroidal genome organization characteristic of D. radiodurans. 
Oligomeric Assembly of Dps-1 
A multiple sequence alignment of Dps homologs (Figure 2.1(a)) shows that D. 
radiodurans Dps-1 has a longer N-terminus, an extension of 55 amino acid residues 
preceding the first helix of the four-helix bundle monomer. It is known from the crystal 
structure of Dps-1 that between residue 30 and the start of helix A, 25 amino acids define 
a loop harboring a metal binding site (13,14). This metal binding site is coordinated by 
residues from a single protein subunit (Asp36, His39, His50 and Glu55) and is located at 
the external surface of the dodecameric sphere, accessible to the solvent.   
Both N-terminal deletion mutants of Dps-1, Dps-dn (lacking 55-amino acids 
including the metal site) and Dps-met (lacking 33-residue flexible N-terminus) form 
dimers upon crosslinking with glutaraldehyde (Figure 2.2(b)). The existence of Dps-dn as 
a stable dimer was confirmed by FPLC-gel filtration (Figure 2.3(b)). Presence of the N-
terminal His6-tag of Dps-met interfered with the proper oligomeric assembly of the 
protein. Removal of the His6-tag from Dps-met facilitates its dodecameric assembly as 
confirmed by native gel electrophoresis (Figure 2.3(d)). As the metal at the N-terminal 
site is coordinated by two histidine residues, the reason for interference from the vicinal 
His6-tag may be due to the fact that the presence of six additional histidines impedes 
proper metal coordination at the N-terminal metal site.  
Evidently, retention of the N-terminal metal binding site is essential for assembly 
of a dodecameric species. A bound metal-ion at the N-terminal metal center may 
predispose the N-terminal loop in a conformation that allows residues from two distinct 
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dimers to connect through hydrogen-bonding (Figure 2.1(b)), thus nucleating assembly of 
the dodecamer. Once assembly has occurred, stability of the dodecamer is accomplished 
through extensive interactions between neighboring four-helix bundles. 
DNA-Binding by Dps-1 
In the crystal structure of Dps-1, the first ~30 residues are not modeled owing to 
disorder and were predicted to be involved in DNA binding (13,14). The observation that 
the N-terminal deletion mutants of Dps-1, Dps-dn and Dps-met fail to bind DNA 
confirms that, like E. coli Dps, interaction of Dps-1 with DNA happens via the extended 
N-terminal tail (Figure 2.5(a) and (b)) (2). As it has been established that Dps-1 interacts 
with the major groove of the DNA helix (Figure 2.6 (b)), a reasonable explanation would 
be that the N-terminal extensions lie in the major groove where the positively charged 
lysine and arginine residues establish stable electrostatic contacts with the negatively 
charged phosphate backbone.  
Both E. coli Dps and M. smegmatis Dps bind DNA only as a dodecameric 
assemblies (2,15,16). In contrast, Dps-1 from D. radiodurans can bind DNA both as a 
dimer and a dodecamer, although the dimeric and dodecameric proteins exhibit very 
different modes of DNA interaction (11). While interaction of dodecameric Dps-1 with 
DNA results in formation of large aggregates (Kd ~0.4 nM), DNA binding by dimeric 
Dps-1 leads to formation of protein-DNA complexes of finite stoichiometry (Kd ~1.3 
µM). The above mentioned very high affinity of dodecameric Dps-1 is manifest only with 
DNA duplexes ≥ 22bp (Figure 2.7); considering interactions in the DNA major grooves, 
the requirement for two complete helical turns implies optimal interactions involving two 
consecutive major grooves.  
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The high-affinity DNA binding of dodecameric Dps-1 also depends on the 
occupancy of the N-terminal metal site (Figure 2.9). The cyclization of DNA fragments is 
inhibited by Dps-1. Therefore, the mode of DNA interaction likely involves optimal 
contacts to an unbent DNA duplex by two N-terminal tails anchored in space by metal 
bounds loops. With six sites per dodecamer capable of engaging DNA in this fashion 
(Figure 3.1), this is consistent with the previously proposed layered assembly of protein 
and DNA that leads to DNA compaction.  
Possible In Vivo Role of Dps-1  
E. coli Dps is upregulated during stationary phase and in response to oxidative 
stress during log-phase growth, and the protein forms toroidal assemblies with the 
genomic DNA (17-20). E. coli recombinants overexpressing plasmid-borne Dps-1 
exhibited visible overcondensation of chromosomal DNA whereas E. coli recombinants 
not expressing Dps-1 or parental E. coli strain showed highly decondensed or amorphous 
condensed nucleoid (Figures 3.5 and 3.6).  
The extent of nucleoid compaction at any given moment reflects a dynamic 
balance between macromolecular crowding that affects condensation and coupled 
transcription-translation processes that act as an expansion force. Early death of the E. 
coli cells overexpressing Dps-1 suggests that stabilization of the overcondensed DNA 
morphology caused by interaction of Dps-1 with DNA has progressively limited the 
transcription-translation processes leading to the cell death (Figure 3.7).  
The involvement of Dps-1 in DNA packaging is further supported by the 
observation that the Dps-1 promoter drives expression of lacZ at a certain level 
throughout both exponential and stationary growth, which is quite different from E. coli 
 122
Dps whose expression is drastically upregulated during the onset of the stationary phase 
(Figure 3.8(a)). Upregulation of E. coli Dps at stationary phase induces formation of 
toroidal assemblies with genomic DNA. Similarly, D. radiodurans Dps-1 may play a role 
in assembly of the toroidal structures characteristic of the D. radiodurans genomic DNA 
even during exponential growth. Oxidative stress by H2O2 has no inducible effect on the 
activity of the Dps-1 promoter in exponential phase, but it acts as a significant inducer in 
stationary phase Deinococcus cells (Figure 3.8(b)). Also, iron stress shows a rapid 
increase in Dps-1 expression (Figure 3.8(c)). The upregulation of Dps-1 on exposure to 
iron stress is consistence with the well-documented role of Dps proteins in sequestering 
iron. That Dps-1 expression is upregulated by peroxide stress only in stationary phase 
may reflect the need for inducible responses that depend less on de novo protein 
synthesis.  
Dps-1 Features a Novel Iron-Exit Channel 
The most unexpected feature of dodecameric Dps-1 is its failure to protect DNA 
from •OH-mediated degradation, otherwise a characteristic shared by all other Dps 
proteins, regardless of their ability to associate stably with DNA (1,2,11,16). The 
continuous release of iron from dodecameric Dps-1 was suggested to be responsible for 
the observed lack of protection from •OH-mediated DNA cleavage; notably, dimeric 
Dps-1 does protect DNA from •OH-mediated DNA degradation, consistent with the 
interpretation that it is the iron stored within the mineral core that is released to 
participate in the generation of hydroxyl radicals. 
The crystal structure of Dps-1 offers a mechanistic explanation for its inability to 
offer efficient protection from •OH-mediated DNA degradation; unlike other Dps 
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homologs, a second channel is observed in addition to the iron-entry pore that is shared 
among most homologs (13,14). The presence of this second channel suggests that it may 
define an iron exit pore responsible for the continuous release of iron from the protein 
core. This interpretation is supported by substitution of residues involved in the ion 
coordination at the predicted exit-pore and the observation that the resultant mutant 
protein exhibits significantly attenuated iron-release (Figure 4.6). Therefore, D. 
radiodurans Dps-1 features a distinct iron-exit channel.  
The release of iron from the protein core appears to correlate with DNA binding 
(Figure 3.2(b)). It is conceivable that Dps-1 is involved in the process of DNA 
degradation that contributes the first response to DNA damage. Noting the low cellular 
iron concentration of D. radiodurans, it is also likely that Dps-1 in vivo predominantly 
exists in the apo form. 
Future Directions 
 The possible involvement of Dps-1 in formation of toroidal assemblies can be 
addressed by generation of a D. radiodurans R1 strain harboring a dps-1 knock-out. The 
knock-out strain could also be useful for determining whether Dps-1 has a role in the 
DNA degradation that contributes to the degradation of chromosomal DNA at the sites of 
DNA damage. The role of Dps-1 in H2O2/Fe regulation can also be tested by determining 
the sensitivity of the dps-1 knock-out to these stress conditions. 
 The PerR transcription factor in Bacillus subtillis senses H2O2 by metal catalyzed 
histidine oxidation (21). Similarly, oxidation of two histidine residues that are involved in 
the metal coordination at the N-terminal metal site may serve a regulatory function; 
release of a cation from this site due to oxidation of the histidine residues during 
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oxidative stress conditions perhaps controls the relative orientation of the N-terminus and 
hence affects the DNA binding. This speculated role of histidine residues can be 
investigated in the future. Finally, the mode of interaction of Dps-1 with DNA proposed 
by this study can be confirmed by determining the cocrystal structure of Dps-1 with 
DNA.   
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